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This study focuses on dynamic and static failure analysis of carbon fabric reinforced polymeric
composite materials. The first part signifies the production of Piezoelectric Polyvinylidene fluoride
(PVDF) nanofibers-based sensor for structural health monitoring of composites. Results obtained
from the characterization of electrospun PVDF nanofibers confirm that electrospinning promotes
the formation of B-phase. Dynamic flexural tests are performed on woven carbon fabric composites
with embedded and surface mounted PVDF sensors to study the capability of these sensors to
record strain history and damage progression in composite materials. Moreover, these PVDF
sensors are able to capture three distinct stages of fatigue life of composite specimen. This result
is validated by the strain measurement with the video extensometer during tests. It is important to
emphasize that surface mounted PVVDF sensors do not show any sign of malfunctioning during the
test. SEM analysis of fractured surfaces of composite specimens shows vivid delamination and
fiber pullouts through the thickness, thus indicating gradual growth of damage in laminates. The
second part of this study is related to static failure analysis of woven fabric carbon reinforced
polymeric composites under tensile and flexural loading. To conduct a detailed investigation
Acoustic Emission (AE) is used to attain damage evolution under flexural loading conditions. For
the first time GAP function has been suggested to find out the optimal number of clusters for AE
data, the advantage of this function is its suitability for classifying elongated data points in vectoral
space of acoustic data. Three clusters of data are determined with this new approach indicating
various failure types in composite laminates and it is shown that simultaneous occurrence of all
failures results in a major change of material stiffness. These failures are also substantiated by
Scanning Electron Microscope (SEM) studies of fracture surfaces. Further studies on tensile
behavior of the same laminates are conducted with the help of SEM micrographs and 3D-digital
image correlation (DIC) technique. Remarkably, it is seen that presence of the shear and transverse
strain fields at the surface of the tensile specimen obtained through DIC technique can be
correlated to shear dominant and high energy failure (interlaminar delamination and fiber pull
outs) respectively, which are also confirmed by SEM images of same fracture regions.
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Ozet

Bu calisma, karbon kumas takviyeli polimerik kompozit malzemelerin dinamik ve statik hasar
analizine odaklanmaktadir. Ilk béliimde, kompozitlerin yapisal saglik izlemesi igin Piezoelektrik
Poliviniliden Flortr (PVDF) nano fiber bazli sensoriin tiretimine vurgu yapilmaktadir. Elektrospun
PVDF nano elyaflarinin karakterizasyonundan elde edilen sonuglar, elektrospinlamanin f-faz
olusumunu destekledigini dogrulamaktadir. Bu sensorlerin gerinim ge¢cmisini kaydetme ve
kompozit malzemelerde hasar ilerlemesi 6lgme yetenegini incelemek i¢in, gémiilii ve yiizeye
monte PVDF sensorleri ile dokunmus karbon kumas kompozitler tizerinde dinamik egilme testleri
yapilmistir. Ayrica, PVDF sensorleri kompozit numunenin yorulma omriiniin ti¢ farkli agsamasini
yakalayabilmektedir. Bu sonug, testler sirasinda video ekstansiyometre ile gerinim Ol¢imii
yapilarak dogrulanmistir. Yiizeye monte PVDF sensorlerinin test sirasinda herhangi bir ariza
belirtisi gostermedigi gozlemlenmistir. Kompozit numunelerin hasara ugramis yuzeylerinin
Taramali FElektron Mikroskobu (SEM) analizi, numunenin kalinligt boyunca belirgin
delaminasyon ve fiber kesilmelerini gostermistir. Bu sekilde laminatlarda hasarin kademeli olarak
biliytidiigli gézlemlenmistir. Bu ¢alismanin ikinci kismi, dokuma kumas karbon takviyeli polimerik
kompozitlerin ¢ekme ve egilme yiiklemesi altinda statik hasar analizi ile ilgilidir. Egilme yiikii
kosullarinda hasar olusumunu detayli olarak gdzlemlemek i¢in Akustik Emisyon (AE) 6l¢iim
methodu kullanilmistir. Tk kez GAP fonksiyonunun akustik emisyon verileri icin en uygun kiime
sayisint buldugu tespit edilmistir ve bu metodun en biiyiik avantaji, uzun akustik veri alanlarindaki
coklu veri noktalarinin siiflandirilmasinda uygunlugudur. Kompozit laminatlardaki ¢esitli hasar
tiplerini tespit eden bu yeni yaklagimla ii¢ hasar veri kiimesi belirlenir ve tiim hasarlarin eszamanli
Bu hasarlar ayrica kirilma ytizeylerinin Taramali Elektron Mikroskobu (SEM) calismalari ile de
kanitlanmaktadir. Ayni laminatlarin  gerilme davramigi ile ilgili diger caligmalar, SEM
mikrograflart ve 3D-dijital goriintii korelasyonu (DIC) teknigi ile gergeklestirilmistir. Dikkat
cekici bir sekilde, DIC teknigi ile elde edilen gerilme numunesinin ylzeyinde kayma ve enine
gerinim alanlarinin varliginin aynmi kirtlma bolgelerinin SEM goriintiileri ile de teyit edilen,
sirasiyla kayma ve yiiksek enerjili hasar (interlaminar delaminasyon ve lif ¢ikintilari) ile iliskili
olabilecegi goriilmektedir.



Acknowledgement

At first, I would like to thank to Higher Education Commission (HEC) Pakistan for their financial
support and providing me the opportunity to conduct my research at Sabanci university which is
one of the most prestigious institute in Turkey. After that | would like to express my gratitude to
my thesis advisor professor Mehmet Yildiz for his continuous support throughout my studies and
research work. I sincerely think that | would not be able to complete my MSc. degree without his
assistance.

Next, | want to acknowledge Dr. Jamal Seyyed Monfared Zanjani who proposed me the idea for
my thesis work and supported me in every aspect whether it was experimental or theoretical. | am
also grateful to Dr. Cagatay Yilmaz, Mr. Isa Emami, Mr. Gokhan Inan and Mr. Raja Awais for
their guidance and motivation, without them this work would never be possible. I also want to
thank Mr. Fatih Uzun and Mr. Faisal Jamil for their support in all the difficult situations I had face
here due to the cultural and language barrier. Special thanks to Mrs. Serra Topal, Mr. Murat Isik,
Mr. Pouya Yousefi and Mr. Francisco for their motivation and help at the ultimate stages of my
thesis.

At last, I would like to express deepest appreciation to all the engineers and employers of SUIMC
for their help to conduct this research work, it was almost impossible to complete this work without
their assistance. | am confident that this center will progress by leaps and bound because of untiring
hard work of this competitive team.

Vi



Table of Contents

AAB ST RACT ettt ettt e b e e s bt e s bt e s ate e at e e te e be e he e shee s ate s bt e be e be e bt e aheesheeeateeteenbeen iv
OZET ..ottt AR b A a ettt s v
ACKNOWIBAGEIMENT ...ttt ettt e e st e e be et e s be e st e besseessesbeessesteesaensesssessesseessassessnensens vi
CHAPTER L.ttt sttt s h et s b e e h et e s bt e a e e bt e at et e sbeeatesbeebe e besbeent e besaeentesbeeneas 1
Lo INEFOAUCTION ..ottt ettt b e s bbb e s e et ebenbesbenbeneen 1
CHAPTER 2.ttt et b e e s bt e s a e st e s bt e bt e bt e s bt e s ae e sateeabeebeesbeesatesabesabeenbeennes 8
2. LITEIATUIE FEVIBW ...ttt ettt bbb bt se bt nn bt nn i 8
0 R T 0T o1 SRS 8

2.2, PIBZOBIECTIICITY ...ttt sttt ettt ebe e b e 9

2.3, Piez0EIECtrIC POIYMETS ...ttt 10

2.4, Polyvinylidene FIUOTIAE..........coiiiriieieiee ettt 11

P T v U o[ L= TS ] o TSRS 16

2.6. Digital Image Correlation (DIC).......ccooiiieciceceeeceeee et s anas 19

2.7.  ACOUSEIC EMISSION (AE) ...eiiiiiiiitirteieieiee ettt 23

2.8.  Scanning Electron MicrosCOPY (SEM) .....coiiiriririniieieieeeesese ettt 30
CHAPTER 3.t b ettt et e b e e b e e s bt e s ae e sub e et e e bt e bt e sbeesaeesabeeabeenbeesbeesanenas 31
3. Dynamic analysis 0f COMPOSITES.......ccveviiiieieitieeete ettt st ere e besre e e reeanas 31

G 0 1 0 = V2 USSP 31

T {11 [0 1=] | 7 | 31

3.3, REeSUItS and DISCUSSIONS .......ceruiuiiiiiiiiieiinieitrieitrt ettt 34
CHAPTER 4.ttt ettt et e bt e s bt e sat e s ut e et e e bt e bt e sbeesatesateebeeabeesaeesaeanas 49
4, Static failure of cOMPOSIte MALEFIAIS .......ccveiieieieieeeeee e e 49
O 1 0 = V2 USRS 49

O {1 [0 1=] o | SO 49

4.3, ReSUItS and DISCUSSIONS .......ceruiuiiiiiiiiieiinieiirietrte ettt 50
CHAPTER Bttt ettt e bt e bt e she e s at e sateeabe e bt e bt e sbeesaeesabeebeeabeesaeesananas 62
5. CONCIUSION ..ttt ettt b e bt bbb e e e b ettt ebe s b e s benneneens 62
RETEIEINCES ...ttt b e b ettt ettt b et 64

Vii



List of Figures

Figure 1 Vinylidene fluoride polymerization..............ccoiiiiiiiineicc e 11
Figure 2. Different phases 0f PVDF[B8].........ccccoiiiiiiieiiiieie ettt sttt ane 12
Figure 3 Random and aligned orientation of dipoles of PVDF B -phase .........cccccovereriiniiniinienineneneee 13
Figure 4. Phase transformation process 0f PVDF [71]. ..c.ccooiiiiiiiiiieccce e 14
Figure 5. Phase transformation of PVDF due t0 StretChing ........ccccocviiieiiiiiic e 15
Figure 6. S-N curve depicting the effect of different stress level on the life of a material [75]................. 17
Figure 7 Standard terms for cyclic amplitude 10ading [75] ......ccccooeiiiiiiiiie e 18
Figure 8. LOadiNg TYPES [76] ... .cveveeeieiiriiriiite sttt et 19
Figure 9. Schematic of DIC measurement SYStem [79] .......cccooiiiiiiiiiiiie e 21
0[O I O =] ] v TSRS 22
Figure 11 INCrement iN FaCEL STED....oiuiii ittt st et et sbe e e be e e e sreares 22
Figure 12. Base CAlCUIALION ..........couiiieicie ettt sttt st et b e sbe e e e sreaneesrenrs 23
Figure 13. Schematic of acoustic emission teStiNg [84]........cccevieiiiiiii i e 25
Figure 14. Acoustic emission hit based features [88]. ........cooviirirereiiieic e 27
Figure 15. The schematic representation of the electrospinning setup for PVDF nanofibers.................... 32
Figure 16. Schematic representation of fatigue testing, testing setup, and SPeCImeNS. ...........ccocvrververrenen. 34
Figure 17. FTIR spectrum of PVVDF nanofibers and PVDF granule. ............ccocoiiinencieininenene e 35
Figure 18. DSC curves of PVDF granule and nanofibers. ... 37
Figure 19. XRD spectrum of PVDF nanofibers and PVDF granule. ..........cccccooveveiiiieiiiiiie e 38
Figure 20. SEM images of PVDF NaNOfiDErS. ........coov ittt e 39
Figure 21. The variation of strain difference between peak and trough values as a function of the fatigue
CYCle TOr S1 aNd S2 SPECIMENS. ......eiviiiiitertiite ittt bbbt b e b et e enes 40
Figure 22. Measured voltage and strain against the number of cycles for S1..........cccevviiiiininiiencen, 41
Figure 23. Fatigue evaluation of sample S2: (a) Strain vs time. (b) FFT spectrum of strain vs No. of
cycles. (C) Strain VS NO. OF CYCIES. ......uviiiiiieeiee s 42
Figure 24. Piezoelectric response of PVDF sensor: (a) Voltage vs time. (b) FFT of voltage vs No. of
CYCIES. (C) VOIAGE VS CYCIES. ...ttt sttt be st et e sbeebeesbesaeeneenee e 44
Figure 25. (a) Trend of voltage vs strain, (b) Slope of voltage vs strain plot. ............ccccocvviiviiiiiiciccee, 44
Figure 26. The variation of maximum strain recorded by extensometer and PVDF sensor as a function of
TE TALIGUE CYCIE. ...ttt na b enes 45

Figure 27. (a-d) Micrographs of fatigue failure for S1 and S2 where subfigures a is taken parallel to
fracture surface along the width direction while the rest of the images are taken from the fracture surface.

.................................................................................................................................................................... 47
Figure 28. SEM micrographs of carbon fibers from failure regions of composites. (a) & (b) rupture
dominant region; (¢) & (d) shear domMINANt FEGION. .........ccviiiiiiicie e e 51
Figure 29. Failure of composites (a) broken sample; (b) & (c) strain map of eyy, exy; (d) & () SEM
images of fractured surfaces of the COMPOSITE. ........ccviiiiiiiee e e 55
Figure 30. (a) Acoustic emission results for flexural test; (b) Gap values obtained for each cluster
00T 0] 0= OSSPSR 57
Figure 31. Clustering results for specimen under flexural 10ading. ...........ccooviiiiiiniiiien e 58
Figure 32. Flexural strength and energy versus strain and time for @) BLb) B2 ..........cccooviiiiiniieiennn. 60
Figure 33. SEM images of fractured surfaces of the composite under three-point bend loading .............. 61

viii



List of Tables

Table 1. Comparison of the properties of smart materials. ..........cccocoovveieiieiicii i 10
Table 2. Piezoelectric constants of SMart MaterialS............coviiiiiiieiec s 10
Table 3. PropertieS OF PVDF .......c.oiiiiiii ettt 16
Table 4. Important parameters for fatigue tESTING .......ccvoiviiriiii s 17
Table 5. Tensile and Three-POINt FESUILS. ........ecviiiiieieieeei s 51
TaDIE 6. FIEQUENCY FANGES ..vouveiveerveiteeieitesteestesteestestesteestesteeseestesseessesteessesteateessesseessesseaseessessaeseeseeaseensesseas 56
List of Equations
X=X+ U+ dudx Ax + dudy Ay EQUation 2........cccceevevvvviiiniiernan, 20
y =y +Vv+ 0vdx Ax + 0vdy Ay Equation 3........cccceeeeeveieeeneenne 20
FB = ABKB/KaAa + A X 100 Equation4.......c.ccccooveveiivieinennn, 35
C% = AHi/AHm X 100 Equation 5.......ccccoeveiiiiiieies 36
fCentroid =s = 0s = 1000fsM(s)s = 0s = 1000M(s) Equation6 ... 56
Weighted Peak frequency (WPF) = fCentroid X fpeak Equation 7.......cccccevvvviivineien 56
GAPnk = En x logwk — log(wk) Equation 8.........cccceeviiineniienns 56



CHAPTER 1
1. Introduction

Piezoelectric materials are the smart materials which are commonly used as energy harvesting
devices or sensors [1]. The main property of these materials is the ability to accumulate electrical
charge when subjected to external mechanical load [2]. Piezoelectric materials can either be
ceramic or polymer-based depending on their rigidity and crystal structure. A compelling type of
polymer-based piezoelectric material is Polyvinylidene fluoride (PVDF) which can directly
convert mechanical energy to electrical voltage , thus lending itself to a wide range of applications

in engineering structures in the form of sensors, actuators, and energy harvesters [3].

PVDF is a thermoplastic polymer with a semi-crystalline nature. Among all polymeric
piezoelectric materials, PVDF has a better piezoelectric response due to its crystal structure [4]. It
has four crystalline phases namely a, B, v, and 6 in which the first two phases are considered as the
low-temperature stable structures of PVDF materials. Thermodynamically, a-phase is the most
stable state and it is formed through melting and solution casting [5]. In this phase, chains are
arranged in Trans-Gauche Trans-Gauche (TG*TG") conformation; thus, the net dipole moment will
be zero because of the antiparallel arrangement of fluoride atoms along with carbon atoms at
backbone chain. As a consequence, no piezoelectric effect can be observed for this configuration
[6]. On the other hand, B-phase is an electro active-phase which shows piezoelectric response
because of all dipolar moments in its structure point in the same direction. The $-phase contains
all Trans (TTTT) formations where all the chains are arranged parallel to the b-axis and dipoles
form a non-centrosymmetric crystal structure with high piezoelectric capability [7]. The y-phase
has a TTTG formation in which molecular chains are packed in a parallel non-centrosymmetric
polar unit crystal [8]. The d-phase resembles with the a-phase in terms of their polarity and the
unit cell dimensions but a cell pack contains two chains so that their dipoles strengthen each other
[9]. B-phase is the main crystal structure favored for applications as sensor and energy harvesting

devices due to its stable piezoelectric nature.

Several methods are introduced in the literature for the manufacturing of PVDF polymers such as
melt casting, stretching, solvent casting and copolymerization [10]. The stretching process
promotes the formation of electroactive phase, i.e. B-phase. This polling process consists of



mechanical stretching and electrical poling to fabricate piezoelectric material. One way of
conducting the stretching process is the electrospinning method, in which a polymer solution is
spun under the influence of the strong electrical field [11]. This method produces dry fibers with
diameters ranging from a few nanometers to a few micrometers depending on electrospinning
operational parameters used [12]. Fang et al. electrospun randomly oriented PVDF fibers used as
an active layer for energy conversion. In their FTIR spectrum of as-spun nanofibers shows a strong
peak at 840 cm™ which is a characteristic peak for B-crystalline phase while XRD analysis exhibits
a crystalline signal at 206=20.5° [13]. Sengupta et al. reported that high voltage for the
electrospinning of PVDF fibers is favorable as it promotes the formation of B-phase [14]. The thin
films of B-phase produced through electrospinning procedure can be used for versatile structural

health monitoring (SHM) purposes.

Various sensors based on different working principals have been utilized for SHM purposes [15—
17]. For example, Akay et al. monitored the degradation of Poisson’s ratio through embedded FBG
(Fiber brag grating) sensors under fatigue loading [18]. The aptness of FBG sensors is manifested;
however, the requirement for an external source of light is considered a major drawback.
Moreover, several investigations have focused on SHM using piezoelectric sensors. Shin et al.
reported the response of commercially purchased PVDF film by mounting it on a Polyamide
specimen subjected to tension-compression fatigue test up to 107 cycles. PVDF film showed a
stable response and did not get damaged due to the cyclic loading [19]. Hofmann et al. studied the
impact and bending response of piezoelectric fabric-based fiber reinforced plastic. In the bending
test, the amplitude of the sensor’s signal increases as the test proceeds and specimen undergoes
higher load which makes reinforcer to be acted as a sensor for structural health monitoring [20].
Zhang et al. employed surface-mounted piezoelectric paint sensors to detect surface fatigue crack
and suggested that to obtain reliable information from sensors, cracks inside material should cross
through the electrodes of the sensor [21]. Gama et al. utilized PVDF sensors to assess the fatigue
life of a compact-tension steel specimen, and their results revealed that these sensors could be used
successfully instead of conventional resistive strain gauges [22]. However, to increase the accuracy
of the obtained data, they had to perform a normalization procedure. De et al. considered PVDF
sensors for SHM of aluminum panels and observed that PVDF sensors have voltage responses

with high signal to noise ratio thereby being a good alternative to resistive strain gauges [23]. Ihn



et al. employed built-in piezoceramic sensors to obtain crack growth size index for metallic

structures under fatigue loading [24].

Structural health monitoring becomes even more important for composite materials as these
materials must maintain a balance between lightweight and excellent mechanical properties and
show reliable performance during the service life [25]. Therefore, the prediction of failure and
structural health monitoring of composites is an important concern. Despite the capabilities of
piezoelectric materials, there have been very few studies performed to assess the applicability of
piezoelectric sensors as a structural health monitoring system in fiber reinforced laminates. Some
studies have been conducted to provide a reliable damage assessment for composites [21, 24, 26—
28]. Cristobal et al. used PVDF sensor to predict the integrity of the composite structure which
damaged as a result of impact loading[29]. Chrysochoidis et al. characterized the fatigue
performance of the glass fiber and AIREX T92.90 based sandwich composite panel with
embedded PVDF sensors in three-point bending configuration and obtained satisfactory
performance from the sensor against the applied load [30]. This study only considered the strain
measurement and did not focus on the damage monitoring of the sandwich panel. It is the best of
the author's knowledge that there is no study on fatigue life characterization and damage
assessment of carbon fiber reinforced polymeric materials based on an embedded and a surface

mounted PVDF piezoelectric sensors.

Failure initiation and progression of composite materials is a complex mechanism which is
strenuously understandable. The response of carbon fiber reinforced composites against tension is
almost linear and easily predictable, but layer to layer damage progression and modes of failure
are not depictable through the stress-strain curve, therefore, additional techniques are required to
study damage accumulation in these materials[31, 32]. Acoustic Emission (AE) considers being

one of the promising techniques for damage detection in laminated fiber reinforced polymers.

The occurrence of damages inside composite laminates is accompanied by a burst of energy
producing acoustic elastic waves [33]. These acoustic emission waves are used to record damage
evolution inside composite materials and provide valuable data regarding damage accumulation
during failure progress. Since each damage type occurring inside material releases a distinctive
waveform, the features of that wave will be unique for that damage type. This exclusivity can be

used to identify and perform subsequent clustering (i.e. classifying) of the damages during



mechanical tests. One of these clustering methods with very well-known applicability in acoustic
emission analysis is the K-means method. [34], this method is an unsupervised clustering method,
i.e. no initial sample data points are available from each cluster of data and a possible number of
clusters are unknown. Thus, the determination of an appropriate number of clusters is an important
concern in the K-means method to avoid the generation of erroneous clustering results and cause
inappropriate identification of damage types. Various methods have been used to find the optimal
number of clusters such as Silhouette coefficient, Davies—Bouldin index, elbow methods while
more recent statistical approaches have not been used in composite materials research field [34—
37]. One of these statistical techniques is GAP statistics that uses a comparison between expected
values of a null reference distribution of data and within-cluster variation of data for various K
values (i.e. the number of clusters) [38]. This method has demonstrated good results when outputs
of the K-means clustering algorithm are implemented on it. To the author's knowledge, no study
has used this statistical approach for K-means clustering of acoustic emission activity in composite

materials.

Understanding of damage evolution inside woven fabric composites becomes more crucial due
to the presence of different fiber directions and multiple interfaces between fibers and matrix
material. Li et al. have used peak frequency and peak amplitude to define four clusters of damages
inside woven glass epoxy laminates, namely matrix cracking, fiber/matrix debonding,
delamination and fiber breakage[36]. Gao et al. have conducted acoustic emission analysis to find
out the onset of failure during quasi-static tensile tests of woven carbon fabric laminates. Their
results suggest that transverse matrix cracking is the first type of damage that happens with
delamination which is followed by longitudinal splitting [39]. In an investigation performed by
Loutas et al. on damage accumulation in carbon/carbon woven composites, an algorithmic
scheme is used for clustering damage types. Their findings demonstrate that matrix cracking
occurs severely at the beginning of loading materials and halts just before the global failure of the
sample[40]. Despite its merits, acoustic emission analysis does not give any information about the
strain fields during deformation of composite laminate, therefore damage analysis must be
accompanied by strain measurements to provide a better understanding of fracture modes in
composite materials. Global or local strain measurement methods can be used for strain analysis
in material, however, due to anisotropy and heterogenous nature of displacement in composite

laminates global measurements are more favorable.

4



One of the convenient global strain measurement techniques used in composite materials research
field is Digital Image Correlation (DIC) which is an optical and non-contact measurement tool
with low noise sensitivity [41]. This method uses an algorithm to compare consecutive images
taken from the surface of the material during deformation and obtain spatial displacement fields
accordingly. DIC enables one to monitor the displacement of materials at different time intervals
and different locations, especially for heterogeneous materials such as woven fabric composites
[42]. Many investigators have used DIC for damage analysis of woven fabrics, some of the recent
studies are mentioned hereby. Tang et al. in their study conclude that woven glass fabric laminates
have complex fracture modes due to the inherent presence of weft and warp fibers as well as resin
packets in between them [43]. Nicoletto et al. conducted full-field strain measurement in a twill
weave carbon fiber composites under tensile loading. Their Results obtained from experiments are
compared with the finite element model to assess the mesoscopic strain values[44]. In an
investigation by Behrad et al. DIC based multiscale analysis is carried out to inspect the in-plane
deformation of woven glass fiber reinforced composites subjected to tension. Their findings show
that he bulk failure modes as well as tensile response endow to be extremely sensitive to the angle
between fiber orientation and the axis of loading[45]. Boufaida et al. compared DIC results with
a numerical model for woven glass fabric thermoplastic resin, they showed that ratio of strain
values at fiber-rich areas is 1/3 of resin rich areas and highest strains are located at the interface
[46]. Rokbi et al. used DIC to measure the crack length during compact tension test of woven
fabric specimens, therein showing that crack propagation always started along fibers at inner
plies[47]. In these studies, DIC is just used for the analysis of strain fields in woven fabric
composites without any attempt to correlate it with the failed region of the specimen. Thus, for the
first time, this investigation aims to attribute failure modes in woven fabric composite laminates
to strain mapping obtained through the DIC technique. This approach will enlighten the path for
determining the susceptible regions of composite structures based on DIC measurements.
Scanning electron microscopy (SEM) is one of the ways to avail this purpose through analysis of

fracture surfaces.

Mayen et al. elaborately assessed the failure mechanism of the CFRP laminates through electron
microscopy, their results reveal that Fibers failed as a consequence of transverse crack propagation
have a rough surface due to the significant amount of resin on their surface. Cups, imprint marks

and hackles depict crack propagation, delamination, and inter-fiber fracture respectively[48]. Dixit
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et al. evaluated the mechanical behavior of 2x2 twill weave carbon fabric based polymeric
composites. Their failure study through SEM analysis provided detailed information about various
damage types such as fiber pull out, which happened due to tensile failure, and debonding and
matrix cracking as a result of three-point bend testing[49]. Greenhalgh et al. utilized fractography
as a powerful tool for the failure studies of composite structures. In their study failures that develop
under tension, flexure, shear, and compression are related to translaminar class of failures. Their
results suggest that fiber fractures under tension exhibit mirror or hackle patterns because of global
direction of failure, while fiber failures under compressive loads happen due to micro-buckling,
delamination or ply-splitting which leave a radial mark on one side of fiber while chop mark on
the other side[50]. An investigation by Kumar et al. on the tensile failure of unidirectional CFRP
laminates unveiled chevron lines, longitudinal matrix splitting, radial and chop marks on the
broken end of the fibers. [51] To the author's knowledge, no specific study has been focused on
correlating micro damages with macro-strain fields observed on the surface of laminates under

loading condition.

The thesis is planned in the following form. In the first section of the paper, synthesizing, and
manufacturing of the PVDF sensors are described in detail, and then the approach for embedding
the sensor inside the manufactured woven fabric laminates through vacuum infusion process is
introduced. Material characterization methods to analyze produced the PVDF sensors (i.e., FTIR,
DSC, XRD, SEM) and the composite laminates (i.e., flexural and fatigue tests, SEM) are described
together with relevant experimental conditions. The next section of the manuscript starts with the
discussion of characterization results for electrospun fibers. Mechanical test results are presented
and the relationship between voltage and strain values is determined for PVDF sensor. Results of
fatigue test are compared based on the strain values from PVDF sensors and via video
extensometer. Reliability of the sensors is demonstrated, and three distinct stages of fatigue life of
the composite laminates are obtained based on the evolution of the strain data. The results of SEM
analysis on the fracture region due to cyclic loading and failure types are obtained. Finally, the
concluding marks of this investigation are reported accordingly. The second section of the study
presents, the experimental procedure for preparation of woven fabric laminates is described, and
the details of mechanical tests, DIC measurements, and acoustic emission monitoring setup are
explained. In the next part, the basics of GAP statistics are given and the analysis approach for

acoustic emission data are reported. The results of acoustic emission clustering are presented, and
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each acoustic cluster is attributed to specific damage inside the laminates. Also, damage evolution
and accumulation is analyzed based on energy release during mechanical tests. In the next section
of the paper, results of the DIC technique are presented for tensile tests and compared with SEM
images from fractured surfaces of samples. Finally concluding marks regarding observations of

the investigation are given.



CHAPTER 2

2. Literature review

2.1.  Scope
Piezoelectric materials have a tendency to convert the mechanical signal into an electrical signal
and vice versa. Traditional ceramic-based piezoelectric crystals such as Barium Titanate, Lead
Zirconate Titanate (PZT) are commonly used as sensors for alarms, motors, vibrations, and sonar
waves because of their high acoustic impedance, but the cannot be used as biomedical sensors and
are not capable to embed inside the structures[52]. However, many studies found that polymers
such as Nylonll, polyvinyl carbonate (PVC) and polyvinylidene fluoride (PVDF) have
piezoelectric natures as they are flexible, lightweight and easy to fabricate. A lot of research work
is still ongoing for the utilization of these sensors for sensing applications. MIT is working on the
development of wearable devices and intelligent clothing by using piezoelectric materials. Some
of their researchers are working on the development of PVDF based gastrointestinal devices. As
traditional ceramic-based piezoelectric sensors are rigid in nature, these PVDF sensors are flexible
and can sense the mechanical deformation associated with gastro activity [53, 54]. Ceramic-based
piezoelectric sensors are widely used for Structural Health Monitoring (SHM) of structures. These
sensors are used as ultrasonic sensors to actuate and transduce the guided lamb waves and
ultrasonic waves to identify the crack inside the structure and components of stiffness matrix which
can be used to determine the modulus of material without performing non-destructive testing.
Stanford structure and composite laboratory is working on the development of piezoelectric
embedded structures such as wings of aircraft for the SHM. They are also working on the
development of the smart car by employing piezoelectric material for multifunctional energy
storage applications [55]. Recently there was a TEDx talk about the importance of piezoelectric
polymers. One of the ideas which presented in the talk was that piezoelectric plates/sheets can be
embedded inside the road, so they can provide the information about the damage of the roads.
Apart from it, these materials do not need any external system for power generation so the charge
that will generate due to the pressure of vehicles can be stored and use as electricity. Cranfield
university researchers are working on the development of printed piezoelectric based electrode.
These electrodes can be printed on the surface of prepregs as negative and positive electrodes then
prepregs can be pressed to produce a smart composite structure. There is a recent trend of
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unmanned air vehicles (UAVS) and MAVs in the field of defense and space. In UAVS, missiles,
military vehicles and MAVs electric power and the onboard place is a major concern. For example,
a microsatellite should operate less than 100W of power consequently allocated power to each
actuator is 0.1W to 10W. The actuators used in military and space applications are required to
produce high output to mass ratio and should be able to withstand shocks and launching
vibrations[56]. Thin PVDF sensors are flexible, easy to fabricate and do not need any external
excitation system which make the possibility of their usage for structural health monitoring
applications and energy generation by embedding these sensors inside the structures.

2.2.  Piezoelectricity
Piezoelectricity is a Greek word used for “pressure” electricity, discovered by Curie brothers.
Piezoelectric materials belong to the class of materials which produce an electrical charge when
subjected to mechanical loading, similarly, these materials change their dimensions as the
consequence of the electrical field. This phenomenon was observed in Quartz crystal which
changed its dimensions when subjected to the electrical field. For the first time, Quartz based
transducer was used for sonar applications for underwater applications. Now piezoelectric

polymeric sensors have a market worth of around 18 billion Dollars.

Piezoelectric materials are from ferroelectrics family. These materials have reversible polarization
by strong electric field [57, 58]. Piezoelectric materials are naturally polarized or can be polarized
by the exposure of certain conditions. The piezoelectric response of a material mainly depends on
the molecular arrangement of the material. These materials exhibit third rank tensor properties
which only depicted by acentric materials [59]. These materials are crystalline materials and their
molecules have tendency to take collective net measurable against any action. If crystals are not
arranging in a specific orientation, then the net response will be zero. Almost all material whether
they are conductors or insulators is electrostrictive. The contraction or expansion response can be
observed from any material as a consequence of the applied electric field. Piezoelectric materials
only change their dimension in one or two directions due to their asymmetric nature. This response
is much powerful as compare to electrostrictive materials which make them useful for sensing

applications [60].



2.3.  Piezoelectric polymers
Piezoelectric polymers have gain importance due to their unique properties which are associated
with the arrangements of their molecular chains. Although piezoelectric polymers are not much
electroactive as compare to single crystals-based inorganics, they have certain advantages such as
chemically resistant, highly efficient and flexible. Polymers can be manufactured at low
temperature into complex shapes. Among all polymers exhibiting piezoelectric effect,
polyvinylidene fluoride (PVDF) has the best piezoelectric response. PVDF is a fluoropolymer that
was synthesized by E.l. du Pont de Nemours and company after the serendipitous discovery of
Poly tetrafluoroethylene (PTFE) [61, 62]. Table 1 depicts the comparison among the properties of

smart materials.

Table 1. Comparison of the properties of smart materials [63, 64].

Properties Piezoelectric Polymers | Piezoceramics SMA
Strain due to filed 2-5% 0.1-0.3% ~ 8%
Actuation force 0.1-3MPa 30-40MPa ~ 700MPa
Density ~2.5 g/em® ~ 8 g/cm® ~ 6 g/cm®
Reaction speed Sec - sec sec - sec Sec - min
Nature elastic, resilient brittle elastic

Piezoelectric polymers have a potential advantage compare to other smart materials as their
manufacturing is cost effective and power saving. The piezoelectric coefficient of PVDF is about
20 times higher to conventional ceramic based smart materials. A comparison between the
piezoelectric constants of piezoelectric materials is listed in table 2. The negative sign with the
piezoelectric constant of PVDF is due to its Poisson’s ratio which depicts the relation between the

thicknesses of a material due to compression to the expansion in the plane direction.

Table 2. Piezoelectric constants of smart materials [65].

Name Piezo constant (pC/N) Piezo strain/volt (Vm/N x 10°)
Quartz 2.3 50

BaTiOs 191 125

PZT 289 25.1

PVDF -33 -339
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2.4.  Polyvinylidene Fluoride
Polyvinylidene Fluoride (PVDF) is a semi-crystalline polymer having half crystalline phase while

the other half is amorphous. It is synthesized by free radical polymerization of 1,1-
difluoroethylene. Water is used as a medium for synthesis along with peroxy compounds which
act as a catalyst [65]. The structure of the monomer is shown in figure 1. Besides its piezoelectric
properties, PVDF is chemically resistant to organic solvents and has high modulus compare to
others. Due to its low dissipation factor, dielectric strength and high permittivity PVDF can be
used as a dielectric material.

F H

N Polymerizati ||
C==CH, o ymerlzatlon> C C
¢/ |
F H

Figure 1 Vinylidene fluoride polymerization

A perfect PVDF molecule has all carbon atoms bonded with fluorine and hydrogen atoms.
However, a small fraction of monomers reversed to a polymer during synthesis which is termed
as defects. These defects categorized as head to head (CF2) or tail to tail (CH2) units and
concentration of them depends on the quality of synthesis [66]. At higher concentration of
monomer inversion, the f-phase becomes energetically stable which leads to the higher content of

B-phase [67]. The B-phase crystalline structure of PVDF is responsible for ferroelectric behavior.

2.4.1. Crystal structure
PVDF has five crystalline phases, these phases categorized on the basis of configuration of -CF,-

and -CH>- in polymeric chains. All of these phases have a certain orientation of atoms which
depends on the processing and polymerization process. Figure 2 illustrates the orientation of
different phases of PVDF. Some of these phases are electroactive while some are non-active. Each
phase has certain applications, but a-phase is the most common phase. The high temperature is
desirable for the a-phase above 70° temperature any phase of PVDF can be transformed into o-
phase, but it is a non-active phase. The B-phase has ferroelectric nature which only found at a lower

temperature.
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Figure 2. Different phases of PVDF[68]
2.4.2. a-phase

The a-phase is a thermodynamically most stable form which contains alternating Trans-Gauche
(TGTG") with monoclinic unit cell (a=4.96 A, b=9.64 A, c=4.62 A and B=90°). It crystalizes at all
temperatures. It is a nonpolar phase due to the arrangement of atoms and does not depict
ferroelectricity.

2.4.3. B-phase
The B-phase is the main phase which has all Trans (TTTT) planar zigzag configuration having an

orthorhombic unit cell (a= 8.58 A, b=4.91 A, and c= 2.56 A). It is the most extensively used due
to its ferroelectric nature. The fluorine atom is responsible for all Trans conformation because of
its size. The c-axis repeats itself in a zigzag manner which is attached to the carbon backbone
chain. The B-phase obtained through the drawing of a-phase. Stretching under the influence of
high electric field strength renders the piezoelectric properties of the B-phase due to the
reorientation of dipoles.

2.4.4. y-phase
The y-phase is the third phase which contains (T3G+T3G-) configuration having an orthorhombic

unit cell. This is an intermediate phase between a-phase and -phase. The y-phase forms due to
melt crystallization above 160 °C.
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2.4.5. d-phase
The 8-phase is the polar phase which is also termed as the polar phase of a-phase formed due to

stretching in the presence of the electric field. The dimensions of the unit cell are similar to o-
phase the only difference is in the packing of chains.

2.4.6. g-phase
The e-phase also termed as the polar phase of y-phase. It is a hypothetical polymorphism with has

T3G+T3G- an orientation which resembles with y-phase but in anti-polar arrangement [68].

2.4.7. Stretching of PVDF
The PVDF chain has a coupling of positive and negative charge which is also referred to as dipoles.

The fluorine atoms have a negative charge which is bonded with the positive hydrogen atoms.
These dipoles are strongly bonded with the backbone of carbon atoms and the orientation of each
phase depends on their crystal structure. The B-phase has high polarity and all trans structure
aligned the fluorine and hydrogen atoms to produce a unit cell with net polarization [69]. Naturally,
B-phase has a zero net charge due to the random orientation of dipoles, however, when it is
subjected to strong electric field such as electrospinning process the diploes of PVDF align
themselves in a net positive charge. Figure 3 illustrates the dipole alignment of PVDF B-phase. In

oppose to it the a-phase has a disorganized unit cell.

Figure 3 Random and aligned orientation of dipoles of PVDF 3 -phase[70]

The polarization is directly proportional to the applied electric field. Poling process needs the
electric field of 20MV/m and temperature about 100°C. The response of polarization can be
achieved at any temperature, but the better response obtained at a lower temperature. Polarization
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at lower than 70°C can yield non-uniform distribution inside the film while the uniform
polarization achieved due to the electric field applied to above 90°C temperature. The polarization
of B-phase is stable up to 140°C [70].

2.4.8. Phase transformation
The PVDF granules have spherulites shape grains which are formed by melt constitutes of a-phase

with a low fraction of y-phase. It has semi-crystalline nature due to a-phase which crystallize at
the temperature range of 110-156°C. However, the B-phase crystalize lower than 80°C. The
confirmation of different phases is highly dependent on the processing conditions such as
temperature, electric field, mechanical and thermal treatments. Figure 4 depicts the relation

between the structures of o, B, and y phases.

Crystallization at high temperature
or under high shear

Melted polymer | crystaliization

under high pressure
Epitaxial
growth on KBr

Cold drawing T
; (or phasep)

Drawing

Normal
crystallization

Annealing under high pressure

High-temperature
long term annealing

TTTGTTTG!
(or phase)

DMF, DMSO
(T < 100°C)

Polymer in solution

Figure 4. Phase transformation process of PVDF [71].

The o to B phase transition occurs due to mechanical deformation which is also an objective of this
dissertation. The transformation decreases with the increase in temperature. The temperature
below 80°C is favorable for B-phase while the temperature around 130°C yields a-phase. The
efficiency of phase transformation is 300%between 70-80 °C [72]. There are various other methods

such as polymer additives, copolymers, blends, and ultra-quenching which enhance the transition
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of o to  phase [73]. The B-phase formed due to mechanical stretching of PVDF solution under the
influence of a high electric field with the help of the electrospinning process[74]. Figure 5 depicts
the phase transformation of PVDF due to stretching. In the electrospinning process, the solution
ejected from the nozzle under the influence of high electric field which causes stretching of fibers
and aligns the fibers. These stretched and aligned fibers are collected at a collector. This is the

most efficient method for the phase conversion of PVDF.

Stretching orientation

=y

o C
F
H
L d
W g-phase A
(" f {
/1 emerged N B-phase

Figure 5. Phase transformation of PVDF due to stretching[75].

The piezoelectric phenomena of PVDF depend on the orientation of dipoles among its crystalline
phase. The fluorine atoms are a key player as they attract electronic density towards them as

pushing away from carbon atoms which leads to strong dipoles in the C-F bond [75].

2.4.9. Properties
PVDF is a semi-crystalline polymer having tough nature which makes it favorable for engineering

applications. PVDF has good chemical resistance even for nuclear radiations, high impact, tensile
and dynamic strength. It is thermally stable and abrasion resistant. Table 3 typifies the physical
and thermal properties of PVDF
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Table 3. Properties of PVDF

Name of property Values
Water absorption < 0.04%
Density 1.78 g/cm?®
Melting temperature 175°C
Glass transition temperature -30°C
Softening temperature 145°C
Crystallization temperature 137°C

2.5.  Fatigue Testing
Fatigue is termed as a failure of a material under cyclic loading. The progressive structural change

permanently occurred inside the material when imperil to fluctuating stress which causes damage
accumulation or fracture after a certain number of cycles. Fatigue inside a material occurs due to
cyclic load having stress values at a certain stress level. As the number of cycles increases, material
undergoes permanent degradation due to fatigue which decreases the stiffness of the material. The
value of stress acting on the material is an important parameter to predict the life of a structure. If
a stress level is lower, the material will withstand a higher number of cycles but if the stress level
is high then it will reduce the materials life. This relation between stress and number of cycles can
also be depicted in the form of the S-N curve. Figure 6 shows the effect of different stress level on

the lifetime of a structure.
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Figure 6. S-N curve depicting the effect of different stress level on the life of a material [76]

S-N curve

max

Cyclic stress

max3

=
=

Table 4. Important parameters for fatigue testing

The number of cycles per unit time f = p

Name Unit Definition
Gmin MPa | The lowest stress during fatigue testing is known as minimum stress
Gmax MPa | The highest stress during fatigue testing is known as maximum stress
MP . . max— omin
Ga % | The amplitude stress is 6a= %
MP . max+ emin
Om | The mean stress is om = %
Ac MPa | The stress range is A6 = Gmax - Gmin
R ) The stress ratio R = ——
omax
f Hz 1
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Onmax i One cycle
;

Cyclic stress or strain

min

Time

Figure 7 Standard terms for cyclic amplitude loading [76]

Fatigue loading categorized into three types which are based on the maximum and minimum stress.

e Tension-Tension
e Tension-Compression

e Compression-Compression

Tension-Compression loading having positive mean stress is also known as tension dominated
testing whereas compression dominated loading has negative mean stress. Figure 8 illustrates the
cyclic loading types. Uniaxial constant amplitude loading is not common in structure when it is in
service. Instead of uniaxial constant amplitude loading, the multiaxial variable amplitude loading
is favorable. Fatigue life prediction models are different for constant amplitude and variable
amplitude loading. However, models which are predicting the effect of variable amplitude
multiaxial loading is frequently based on the derivatives of uniaxial constant amplitude loading.
The fatigue analysis of fiber reinforced polymer composites are presented in the form of the S-N

curve[77].
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Figure 8. Loading types [77]

2.6. Digital Image Correlation (DIC)
In composite testing, various conventional methods such as extensometer, strain gauges, and

different transducers are used for measurement. But these methods only provide the information
regarding the selected location of the total gauge length where these are attached or adhered. There
are several prominent issues associated with these conventional methods, for example, surface
preparation and adherence of strain gauge to the specimen and the strain gauge only provides
information regarding the selected area where it adheres. Removal of extensometer before the final
failure to protect it from the damage, requirement of surface contact, information from the selected
area and sensitivity of sensors and strain gauges. In order to sort out these problems, a non-contact,

full-field three-dimensional measurement system was introduced.

DIC isa 3D, full field and non-contact technique which can be used to measure deformation, strain,
vibration, and contour on the material. This method can be used for full-field strain measurement
for tension, bending and torsion for both dynamic and static measurements, a schematic of the DIC

measurement system is exhibited in figure 9. The setup based on high-speed measurement cameras
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which have the capability to measure the deformation even at the microscale. It is equipped with
stereoscopic sensors which focus each point at a specified pixel in the image plane of the sensor.
The position of each point in 3D can be calculated with the help of intrinsic parameters (imaging
parameters) and extrinsic parameters (orientation of sensors). By creating a speckle pattern on the
surface of the specimen, the position of a point can be identified in the two images with the help
of correlation algorithm. DIC techniques gain attention especially in the field of micro and nano
scale based mechanical testing due to its ease of use and implementation. Recent advancement in
the field of digital cameras and computer sciences have enabled their usage for strain and

deformation measurement [78].

Deformation mapping performed by using mapping function which relates the image and can be
determined by comparing a set of sub window pair on the whole image. The coordinates (Xi , Yj)
and (xi", y;") are correlated by the transformations that happen between the images. If deformation
is perpendicular to the camera and very small, then the relationship between (xi , y;) and (xi", y;")

can be calculated by a 2D transformation.

ou :
Here X" =x+u+— Ax+— Ay Equation 1

And y'= y+v+—Ax+—Ay Equation 2

In these equations, u and v represent the translations of the center of a sub-image in X and Y
direction. Ax and Ay denote the distance from the point (X, y) to the center of the image. The
correlation coefficient rjj is a function of displacement components and gradients of displacement.

e Ju du Jdv Jdv
ox'ay’ox’ oy

DIC is an effective technique for deformation mapping in mechanical testing, where blotchy

pattern provides the contrast for the correlation of images [79].
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Figure 9. Schematic of DIC measurement system [80]

DIC allows the measurement of displacement of the selected points on the surface of the sample.
A speckle pattern is created on the surface of the specimen with the help of paint. DIC sensors
were calibrated and these sensors select the blotchy patterns as reference points. These patterns are
all over the surface so the DIC select multiple reference points which cover the whole surface.
When the load is applied to the specimen, these points displaced from their reference position due
to the strain induced inside the specimen against loading. DIC records the displacement against
each reference point and provides us the full field strain measurement of the specimen and also the
stress distribution trend of the specimen [79, 81]. DIC setup contains two cameras which are
calibrated with the help of a calibration procedure which contains 13 steps. Different sized
calibration plates are used for the calibration process based on the specimen size. The plate is
moved to several positions and angles indicated by the calibration procedure. The calibration
procedure provides information to the software to calibrate the volume of the cubical shape which
has the face dimension as similar to the size of the calibration plate. The Region Of Interest (ROI)
of the specimen should obey the volume of the calibration plate for displacement and strain
measurements. After the calibration, the mechanical test is performed by calibrating the DIC with
the mechanical testing system, so it will take the snaps at the correlated frequency. The frequency
of the system to capture the images relies on the specified data points. There are several parameters
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which need to deal with care to get better results. These parameters are facet size, calculation base,
facet step, and strain computation matrix size. Increment in facet size figure 10 enhances the

precision of point identification without disturbing the sensitivity to the strain deflection but it
increases the calculation time.

single facet (or pixel neighborhood)

~

Facet size: 3 x 3 Facetsize: 7x 7

Figure 10. Facet size [82]

The precision of the strain calculation might be increased with the increase of facet step figure 11.
This is carried out at the cost of the sensitivity of the strain variation, but it reduces the calculation
time. The precision can also be improved by the inflating the calculation base figure 11. The strain
of each mesh point is calculated due to relative position change relative to its 8 neighbor points
(calculation base value =3). This parameter can be incremented to 5 or higher values according to

the practical requirements. This is carried out at the expenditure of sensitivity and calculation time.

facet step 1s the distance between adjacent facets in the mesh

S_I+++ S+++
aal | I M) [+ T+

Figure 11 Increment in facet step[82]
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Figure — 3 Increase in the Calculation Base

Figure 12. Base calculation[82]

The system identifies the surface of grey scale pattern. Before computing the test, the user can
control the computation base, facet step and face size for appropriate measurement. If the area of
the specimen is too large, then averaging the strain would decrease the resolution of the test output.
In this situation, the concentrations of strain because of the waviness of fibers are just averaged
and calculated but not captured. The static analysis of anisotropic materials is used to define the
distribution of strain. The strain array contains multiple data points which are distributed all along
the ROI. The DIC computes full field all along the surface of ROI. These computed strain values
stored in the matrix which is selected for the computational base. This matrix can be rotated and
transformed to align it as per fibers direction in the composite sample which provides the better
information about the strain as compared to conventional strain gauges which need to be adhered

along the angle of fibers orientation [82].

2.7.  Acoustic emission (AE)
This testing method used to locate and detect the hidden cracks inside the materials due to the

waves generation generated by the redistribution of stress inside the material. This method is
similar to ultrasonic testing, but the working principal is different. In ultrasonic testing, the waves
are sent through the transducer which we also called as transmitter and then received from the
receiver. During the scan, if there is a hindrance in the path of waves it will slow down the wave
speed and amplitude will also decrease due to the absorbance of crack. By calculating the
difference between non-hindered wave and hindered waves speed we can calculate the crack
length. Acoustic emission testing also based on the sound waves, but the sensors usually used
during this method are piezoelectric sensors. When a specimen is under stress condition figure 13

then after certain loading value the damage inside the material occurs, which produces sound
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impulses of certain energy value which is detected by the sensors. These sound signals are detected
by multiple sensors on the surface of the specimen data certain difference of time due to the certain
distance between them. The difference of the time provides information about the source of the
damage. AE is favorable for a dynamic environment where cracks are produced when specimen
experiences the incremental stress otherwise at lower stress value sometimes these activities
remain undetected [83]. The AE sensors are mostly piezoelectric sensors which convert
mechanical signals to electrical signals which are in the frequency range of 30kHz to 1MHz. Plastic
and composite materials have high attenuation so low-frequency signals will be better

differentiable.

Acoustic emission analysis provides valuable data about the damage origin and propagation inside
the materials which is helpful for structural assessment and its integrity. Acoustic waves are
impulses of the pressure which is produced due to the liberation of deformation energy inside the
material during the development of a fracture. Acoustic emission setup has a tendency to listen to
those vibrations with a frequency range. AE is so sensitive even it can characterize the event which
is having very low energy. AE technique considers a nondestructive testing technique as it needs
material to be under certain mechanical load value in order to produce damage activities. Keiser
effect is the so-called fundamental property of acoustic emission which is named after the person
who studied acoustic emission from the materials with the help of electronic setup. These waves
are irreversible so cannot be generated during the reloading of the material except the load value
does not exceed the previously attained value later another study was conducted which assured
that acoustic signals can be generated at the load value below to those previously applied and this
is termed as Felicity effect [84]. The waves produced due to stress are traveled from the inner side
of the material towards the surface and cause vibration there which are sensed by the transducers.
AE signals are classified into three types continuous, burst and mixed. Continuous signals are
generated when multiple transients are overlapping each other and cannot be distinguished, and
the envelope formed by the amplitude of the signal will be constant. It can be generated by noise
or rubbing on the surface of the specimen. Bursts are generated due to damage formation such as
delamination and fiber rupture. The mixed signal type usually encountered during the real-time
testing which contains both continuous and bursts signals. Acoustic signals which are coming from
other sources such as electrical wiring, testing machine are termed as noise. Although noise is a

big concern during testing, this noise is located in a frequency range which is lower than the AE
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produced due to damage. Piezoelectric transducers especially PZT ceramic based transducers are
widely used for acoustic emission analysis due to their broadband range. The vibrations occur due
to the damage activities are sensed by the PZT material through a wear plate.

Lid Internal preamplifier (optional) An electronic representation of
the AE which excited the PZT
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[

| | ————— AE source

— '
[ Propagating AE

Figure 13. Schematic of acoustic emission testing [85]

Composite specimen’s surface, pressure on transducer and medium which is used for coupling are
the important factors which impart their effect on the sensitivity of the PZT based transducer [86].
The use of a contact transducer affects the responsive vibrations of the composite. Acoustic
emission sensors are designed in such a way that they can detect the activity which is normal to
the transducer. The stress components are normal to the direction of the transducer but the
responses of the waves coming from different direction will not be identical. The selection criteria
for the transducer depends on the response of the frequency curve which is also termed as a
calibration curve. AE transducers at lower frequency behave like a displacement sensor but at the
higher frequency, it acts as a velocity sensor with the further increment it starts acting as pressure
transducer [87]. In the case of the piezoelectric sensor, this transition range is from kHz to a few
MHz. In order to calibrate and positioning of the sensor, Hsu-Nielsen source was used. In this
method, a pencil lead was broken at the surface of the specimen which acted as a mechanical
source. He used Pantel 2H lead having diameter of 0.3mm. Later Inaba and Higo reported that Hsu

suggested this procedure with 0.5mm lead the reason behind changing the diameter is that the
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properties of lead will also be changed which will provide different AE signals. To produce a

consistent acoustic signal a Teflon collar can be put on the tip of the lead pencil [88].

In recent decades, various research projects have been conducted to extract the meaningful
information from the signals acquired by acoustic emission analysis. Various researchers extracted
data and stored in n-dimensional structures by using several statistical, trending and classification
methods which they called as features. These approaches are classified into four types: frequency

based, hit based, activity based and waveform.

2.7.1. Activity-based analysis
This is the process for detection of abrupt and trends changes in acoustic emission features with

respect to time. The features include in this analysis are signal energy and number of hits [89, 90].
The data usually illustrated by plotting these features as an absolute or cumulative form against
time. The ratio of these parameters is also used often when the value of the load is considered as a
reference, these ratios are called as Shelby ratio and Felicity ratio. The Felicity ratio was introduced
by Dr. Timothy for the indication of damage having mixed results. It is the ratio between the
lowest load value which causes the certain acoustic activity to the highest load in the last cycle for
dynamic loading[91]. Whereas the Shelby observed the unloading of the composites instead of
loading. The Shelby ratio is analogous to the Felicity. Shelby ratio is between the lowest load value
that causes certain acoustic activities, during unloading condition, in contradiction to the previous
maximum value of the load. This method is useful to classify the acoustic emissions activities
produces from friction [92].
2.7.2. Hit-analysis

This analysis uses a certain set of some features or waveforms. Acoustic emission hits are the part
of a measured waveform which fulfills the criteria of detection. The aim of this criteria is to
ascertain the presence of acoustic hits and discriminate them from the noise or continuous type
acoustic signals which are coming from setup or testing equipment. Acoustic hits are transients
stress waves so acoustic hits are isolated transient from the waveform which is acquired during the
testing. Several techniques are used to determine the AE hits. The most common one in real time
parameter based in AE system compares the acoustic signal against the threshold level. Typically,
threshold sets on the positive side of the signal, but it can be floating. An acoustic hit is perceived
by the comparison of the acoustic signal against the threshold. If the acoustic signal surpasses the

level of threshold then that signal will be considered as a hit. This technique has three important
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parameters hit definition time (HDT), peak definition time (PDT) and hit lockout time (HLT). The
time-based parameter only triggered when a hit crosses the threshold level. If the elapsed time will
be equal to the HDT parameter, then hit will be ended. The HLT specifies the time which must be
passed after the detection of a hit. The PDT stipulates the allowed time after the detection of time
to calculate the peak value. The acoustic hit features contain duration, amplitude, energy, rise time
and a number of peaks which cross threshold level [93]. Figure 14 depicts the relationship between
these features. The features can be obtained through signal processing such as addition,
subtraction, multiplication, and division of multiple features or through filtering, extraction of
statistical features such as skewness, kurtosis, and variance. The most widely used hit features-
based analysis is trend analysis and often presented as a plot of the cumulative sum of all the
features. The trend-based analysis considers as sufficient when the sole purpose is to just monitor
the power of acoustic signal which is necessary for some analysis. In most of the cases, the useful
information usually extracted by using some statistical features and their comparison with other

features.
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Figure 14. Acoustic emission hit based features [89].

The histogram of the values estimates the statistical distribution of the features. The shape of the
histogram provides valuable information, for example, the appearance of the amplitude histogram

identifies the damage mechanism. A correlation can be performed by plotting one feature as a
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function of other feature for example amplitude vs AE counts, duration vs AE counts and
amplitudes vs duration which helps us to identify the mechanism of the damage. The acoustic
features reduced data to the useful information instead of the complete waveform which contains
a lot of unwanted information. In composite materials, the one damage type can provide a hit with
different level of amplitude which makes hard to set the threshold level. Acoustic signals in
composite materials experience high attenuation, the signals originate closer to the sensor are
stronger as compare to the one away from the position of the transducer. The uneven frequency
response of resonating transducer which means that the frequencies of the different features are
only spaced about few kHz apart and magnification can have the difference of several decibels
[89].
2.7.3. Frequency-based analysis

It involves the frequencies of the acoustic signals for the identification of different sources. Fast
Fourier Transform (FFT) is the most common frequency-based analysis which reconstructs the
time domain into the frequency domain. Other frequency-based features are peak frequency, power
frequency bands and frequency centroid [90]. Acoustic emission signals are time-dependent
signals which can also be nonlinear. Power spectrum analysis such as FFT can only depict the
distribution of existing frequencies in the signal because FFT is not designed for the analysis of
the transient signal. Frequency-time methods are designed to analyze the time-dependent signal.
Wavelet Transform (WT) and Short Time Fourier Transform (STFT) are used for discrete signals.
The STFT is the window function of FFT which divides the signal into several portions where it
is in stationary condition by using a window function which extracts these portions from the signal
and then these portions are processed by using FFT. But the limited size of the window causes a
problem for the frequency localization. For a defined size of the window, the STFT has a constant
resolution for localization for all frequencies and at all times. The localization of the frequency
can also be improved by the increment in the window size, but it creates an adverse effect on the
time localization due to Heisenberg’s uncertainty principle as it refers that we cannot get the

accurate localization of frequency and time.

Recently Discrete Wavelet Transform (DWT) analysis for acoustic signal gains much attention as
it modified the STFT within the boundaries which are defined by Heisenberg’s uncertainty
principle. Both DWT and STFT transformation is linear so instead of a fixed window, the DWT

refers to a scale window. At higher frequency, the DWT has better time localization but poor
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frequency localization and in case of low frequency is it vice versa. The drawbacks of this
transformation are it is not time-invariant due to which even a minor shift in the signal can change

the coefficient completely and DWT is sensitive to noise as it detects the sharp changes [94].

2.7.4. Waveform-based analysis
It is the study of digitized waveforms shapes and propagation modes. Full waveform and

frequency-based signal acquisition requires a lot of space for data storage and offers widespread
possibilities of signal processing and data manipulation which provides comprehensive
information about failure analysis. Additional information about the material property and damage
analysis can be extracted through lamb waves such as modulus of the material. The two modes of
lamb waves lowest order symmetric (So or flexural mode) and antisymmetric (Ao or extension
mode) is the propagation modes of these lamb waves which have different properties and their

analysis technique is known as modal acoustic emission [95, 96].

2.7.5. Acoustic Emission Analysis
Several researches have been conducted on acoustic emission signal analysis during the testing of

composite materials [97—100] These signals categorized damage based on their frequencies such
as damage initiation which is arbitrarily located inside the material due to matrix or interface
failure which leads towards the second category of signals which specify the damage occurs due
to friction activities or delamination which lead towards catastrophic failure which occurs due to
the fiber breakage and complete failure of composites. The frequency range between 100 to
350kHz depicts the matrix cracks while fiber breakage was denoted between the 350-700kHz
range. The sources of acoustic emission were classified on the basis of a criterion which depicts
that 70% of the signal power should be inside the frequency band. If the signal does not fulfill this
criterion it means that these signals are due to the debonding. Groot et al. analyzed the frequency
spectrum in the range of 50-600kHz and explained that the frequency between 90-180kHz typify
matrix cracking, fiber pullout signals are in the range of 180-240 kHz while debonding based
signals are in the range of 240 -310 kHz and the frequencies above 300kHz denote fiber breakage
[101].
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2.8.  Scanning Electron Microscopy (SEM)
Electron microscopy is a powerful tool for the morphological characterization of the surface of the

failed specimen as it provides valuable information about the reason and modes of failures. As
polymeric materials are non-conducting materials which are not favorable for electron microscopic
studies unless these materials would be sputter coated with a conducting material. Electron
microscope extract information with the help of electron beam which ejects out the electron from
the material and provides topographical information about the material. If the material is non-
conductive then the electron from the beam will not interact with the specimen and no information
will be acquired. Usually, these specimens are sputtered with gold, carbon or platinum through a
sputtering process which makes these specimens conductive. SEM provides information about the
fractures such as shear imprints, fiber pullouts, fiber breakage, delamination or debonding. This
also provides knowledge about the fiber behavior whether it is coated with the matrix or it has a
rough surface which can provide information about the fiber and matrix bonding. This information
can be compared and used to verify the information obtained from acoustic emission and digital

image correlation methods.
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CHAPTER 3

3. Dynamic analysis of composites

3.1.  Summary
This work presents a comprehensive study about the development of a PVDF based piezoelectric

sensor and its characterization by utilizing different techniques. Analysis of the failure mechanism
was conducted with the help of a fatigue test and fractography. The correlation factor of the
piezoelectric sensor was determined and used for strain measurement then compared with the

strain from the extensometer.

3.2.  Experimental

3.2.1. Materials
Polyvinylidene fluoride (PVDF) with Molecular weight (Mw) of 180000g/mol, melt viscosity

6000-7500 Poise (100 Sec?, 230°C), and Melt index of 20-35g/10 min (ASTM D1238) was
purchased from Sigma Aldrich. Plain weave Toray T300 3K carbon fibers with the areal weight
of 200gsm (KCF3KPL200) was procured from Kordsa Company. The mixture of BIRESIN Sika
CR 80 epoxy resin and BIRESIN Sika CH 80-6 hardener were used as a matrix where they had
the viscosity and density values of (900m.Pa.s, <10 m.Pa.s) and (1.13g/ml, 0.95 g/ml at 25°C),

respectively.

3.2.2. Development of PVDF nanofibers-based sensor
Polyvinylidene fluoride was dissolved in Dimethylformamide (DMF) solvent at a concentration

of 30% wt/vol by stirring the solution at room temperature for 24h, which was followed by heating
at 50 °C for 1h and then cooling down to the room temperature (23 °C). The solution was
electrospun vertically under the flow rate of 15ul/min, the voltage of 18kV and the tip-collector
distance of 7cm as shown schematically in figure 15 consequently, forming randomly oriented
PVDF fibers ejected from the tip of the needle of the syringe which was collected on the aluminum
foil. Folding the aluminum foil enabled us to obtain a capacitor configuration where PVDF fibers
acted as dielectric and aluminum worked as electrodes. This capacitor set-up was cut into multiple
PVDF sensors with the dimension of 10 mm x10 mm x 1mm and then carefully encased with an

adhesive tape.
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Figure 15. The schematic representation of the electrospinning setup for PVDF nanofibers.

3.2.3. Manufacturing of composite laminate
Sixteen layers of plain weave carbon fibers were used to manufacture the composite plate with the

final thickness of 4mm. Dry fibers were cut into the size of 30cm x 30cm using ply cutter (ZUND
G3-L3200). Biresin Sika CR 80 resin was mixed with curing hardener CH80-6 at the room
temperature with the ratio of 10:3 wt/wt and degassed for 30 minutes. The cut plies were stacked
on a vacuum infusion table, sealed with vacuum bag materials, impregnated with epoxy resin using

vacuum injection method, and left to cure for 48h.

3.2.4. Characterization of PVDF granules and fibers
To determine the dipole orientation of PVDF and discriminate among different crystallographic

phases, Fourier transform infrared spectrum (FTIR) of electrospun piezoelectric fibers were
carried out using a Thermo NICOLET iS50 system. The spectrum of as received PVDF granules
and electrospun PVDF fibers was compared to study the change in crystalline structures.
Differential Scanning Calorimetry (DSC) as a thermo-analytical technique was used to measure
the thermal behaviors of PVDF fibers and granule under a controlled environment. Melting
temperature Tm and crystallinity of electrospun PVDF fibers and PVDF granules were determined
by DSC through employing METTLER TOLEDO DSC 3+. A sample with a mass of 5mg was
placed in Aluminum crucible. The temperature range for DSC was 40°C to 250°C and the test was
performed at the temperature rate of 10°C/min under the inert atmosphere of nitrogen purging at
50ml/min. The crystal structure of both PVDF granules and nanofibers was investigated by a D2
Phaser X-Ray diffraction (XRD) system from Bruker. The X-ray beam was Cu Ka (k = 0.1542
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nm) radiation operated at 20 mA and 40 kV. Relevant data were collected at 26 ranging from 1°
to 30° with a scanning rate of 1° /minute. Morphological changes of PVDF and fracture surfaces
of composites were assessed through the GEMINI SUPRA 35vp scanning electron microscopy
(SEM). SEM samples were sputtered by Platinum coating. Specimens were attached to the
aluminum stub with the help of carbon tape and images were taken at an acceleration voltage of
5KV.

3.2.5. Mechanical testing
The three-point flexural test was performed in accordance with ASTM D790 using 5982 Instron

Universal Testing Machine (UTM) on prepared the composite laminate. Three initial samples
having the dimension of 15x100x4mm with the span length of 80mm were tested and the following
average results were obtained; the flexural strength, failure strain, flexural modulus, and maximum
load were respectively, 711 MPa, 1.59%, 50.46 GPa, and 1900N.

Load controlled fatigue test was conducted in a three-point bending configuration on two
specimens, namely S1 and S2, having the dimension of 15x100x4mm with the span length of
80mm according to 1ISO 13003 by using Instron UTM 8803 equipped with 8800MTS Flex test GT
controller as schematically depicted in figure 16. A built-in load cell (MTS 661.20F-03) and a
video extensometer (MTS. 634.25F-24) were used to collect the load and strain data. A pre-load
of 500N was applied to the specimen to remove any form of slack from the load string before the
test begins and to ensure that the specimen starts from the same load condition thereby making the
data more accurate and much easier to process. The maximum load of 1500N was applied to the
specimen with the frequency of 3Hz. For sample S1, one PVDF sensor was embedded between
the second and third layer of the specimen from the compression side, while the second sensor was
mounted at the bottom surface of the specimen using Poly Ethylene Vinyl Acetate (PEVA) hot
melt glue. Sample S2 had only one surface mounted sensor at bottom surface similar to the

previous specimen.
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Figure 16. Schematic representation of fatigue testing, testing setup, and specimens.

Piezoelectric response of PVDF sensor due to applied load was interrogated with the help of
National Instrument (NI) PXle-1075 chassis equipped with PXle-5105 oscilloscope card. NI
oscilloscope was triggered by the analog edge signal from the Instron UTM 8803 system to
synchronize the data of the UTM and data acquisition systems. The sampling rate of both
oscilloscope and the UTM system was 1000 Hz. The response of the PVDF sensor throughout the
test was recorded by using NI-signal express and then processed by utilizing NI-DIAdem software.

3.3.  Results and Discussions

3.3.1. FTIR analysis
Figure 17 shows FTIR spectra obtained under transmission mode to identify the presence of

different crystal structures in the PVDF granule and electrospun nanofibers. The adsorption peaks
at 600 cm™, 765 cm™ and 796 cm™ are indicators of a-phase crystal which are clearly visible in
the spectrum of PVDF granule while absent in nanofiber’s spectrum. On the other hand, peak at
840 cm™ is associated with the B-phase crystal in PVDF [10], which is present in both spectra
while the spectrum of PVVDF nanofibers reveals higher content of B-phase in comparison to PVDF
granule. This peak indicates that electrospinning of PVVDF promotes B-phase formation due to the
stretching of polymeric filament ejected from the tip of the syringe nozzle [102]. The peak at 875
cm! corresponds to stretching vibrations of C-F bond. The peak around 970 cm™, being present in
the spectrum of PVDF granule but not in that of PVDF nanofibers, indicates the existence of a-
phase [103]. The low-intensity peak at 1065 cm™ is related to C=0O stretching whereas the peak
around 1176 cm™ represents the vibrational motion of CF, bond due to centrosymmetric crystal
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(TGTG) formation [5]. 1276 cm™ peak is associated with the formation of the y-phase as both
spectra of the nanofibers and the granules have the same amount of y-phase whereas, 1401 cm™
occurs due to stretching of C-C bond [104].

102

T T T T 1
1400 1600 1800 2000 2200

96 - '
90 - :
84 i [ PVDF Nano fibers
78 :
72 - i
66 - :
60 ; !
I

Transmittance (%)

PVDF Granule

L v T | — T T T T T T 1
600 800 1000 1200 1400 1600 1800 2000 2200

Wave number {cm™)

Figure 17. FTIR spectrum of PVDF nanofibers and PVDF granule.

In order to find out the percentage of B-phase content, the absorbance values of a-phase (A.) and
B-phase (Ap) at the wavelengths of 765 cm™ and 840 cm for both samples were calculated based
on Eqg. 3 [10]:
— Ag :
F(B) = (Ro/K)AaThs x 100 Equation 3
where K, and Kgare the absorption coefficient of wavenumbers, 765 and 840 cm, having the

values 6.1 x 10% and 7.7 x 10* cm? mol™ respectively.

By using the Eq. 1, the B-phase content of PVDF granule and nanofibers were calculated to be
52% and 83%, respectively. It is clearly evident that electrospun PVDF nanofibers have higher -
phase content than as received PVDF granule and the absence of o peaks in the PVDF nanofibers

spectrum further confirms the higher content of -phase in nanofibers.
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3.3.2. Differential Scanning Calorimetry (DSC)
In this study, DSC was used to identify the difference in crystallinity among PVDF granule and

PVDF fibers. Figure 18 shows heat scans of PVDF granule and nanofibers. Melting enthalpies of
PVDF nanofibers (AH1) and PVDF granule (AHz) are measured to be 60.79 joules/gram and 47.9
joules/gram, respectively. AHm is the standard heat capacity of PVDF that is equal to 103 J/g. The
percentage of crystallinity can be calculated by using Eq. 4 [105]:

C(%) = (4H;/AH,;) x 100 Equation 4

where the subscript itakes a value of 1 and 2.

The melting temperature of PVDF granules and nanofibers are 172 °C and 171°C, respectively.
The degree of crystalline for PVDF granules and nanofibers are 46.5% and 59%, correspondingly.
The fact that the crystallinity of PVDF nanofibers is higher than that of the PVDF granules is
related to the alignment of polymeric chains in the direction of electrospinning due to the stretching
of electrospun fibers. The electrospinning process provides sufficient time for the fibers to be
stretch and dry properly, whereby fibers are arranged themselves in favorable orientation, hence,

converting o-phase into B-phase by changing dipoles of a-phase.
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Figure 18. DSC curves of PVDF granule and nanofibers.

3.3.3. XRD Analysis
Figure 19 presents the spectrum of XRD analysis carried out to identify the phases present in

PVDF granules and nanofibers. Regardless of the distinctive crystal structures presenting peaks
which are similar to each other, some of them are uniquely distinguishable for each particular
phase. However, the identification of y-phase was difficult among all other phases. a and y phases
are easily differentiable from the B phase. B-phase has an intense peak at 20.2° but o and y phases
have peaks around 18°. p-phase that is distinguishable from a well-defined intense peak at 26=
20.2° , that is considered to the sum of (2 0 0) and (1 0 0) diffraction planes. o-phase presents
characteristic peak at 26= 18.3° which corresponds to the (0 2 0) and (1 1 0) planes [6][106].
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Figure 19. XRD spectrum of PVDF nanofibers and PVDF granule.

The spectrum of PVDF nanofibers exhibits only a single peak around 20.2°, which corresponds to
the presence of B-phase. In the spectrum of PVDF granule, there are two visible peaks, namely,
the peak at 18.3° belonging to a-phase while the second peak at 20.2° corresponding to B-phase.
This observation is consistent with the results of DSC analysis, i.e. dipoles of the polymeric chains
are aligned due to the high voltage of the electrospinning process. Hence, XRD analysis reveals
the dominant presence of 3-phase in electrospun PVDF nanofibers.

3.3.4. Scanning Electron micrographs of PVDF fibers
Figure 20 presents the microscopic images of defect-free randomly oriented electrospun PVDF

fibers from two different locations to ensure homogeneity of the fibers. No signs of pores and
beads formation are visible in the electrospun nanofiber surface. The high acceleration voltage of
18kV and the flow rate of 15uL produce stretched fibers within the diameter range of 30 to 90 nm.
30%wt/vol solution concentration has an appropriate viscosity for the electrospinning process to

produce smooth fibers.
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Figure 20. SEM images of PVDF nanofibers.

3.3.5. Fatigue loading and piezoelectric measurement system
Load controlled fatigue tests were performed on two different specimens in three-point bending

configuration. The first sample (S1) had two PVDF sensors. One of them is attached to the bottom
surface of the composite specimen while the second one is embedded between the second and the
third layer from the top surface. The second sample (S2) has only one sensor cohered at the bottom
surface. Due to their relatively poor thermal conductivity, composite materials experience
autogenous heat generation when subjected to fatigue loading, which can lead to non-uniform
temperature distribution and excessive temperature increase within the composite materials. The
high temperature may alter the mechanical performance of the composite materials thereby
altering their fatigue behavior. In literature, loading frequency ranging from 1 to 5Hz was reported
not to have any noticeable detrimental effect on fatigue behavior [107]. Therefore, in this study,
fatigue tests are performed under 3Hz frequency. Moreover, the use of low frequency is favorable
given that the PVDF sensor needs adequate time for the reorientation of the piezoelectric structure
[108].

Figure 21 presents the variation of strain difference between peak and trough values measured by
video extensometer for S1 and S2 samples in which one can notice that the S1 experiences a
decrease in the strain from the beginning of the test to 15000 cycles, which is unexpected under

normal circumstances since for the fatigue tests performed in a load-controlled manner the strain
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difference is expected to increase due to the stiffness degradation in the composite material. The
drop in the strain until 15000 cycles can be certainly attributed to the damage initiation and
consecutive delamination due to the presence of embedded sensor as seen from an SEM image in
Figure 21 The specimen S2 shows a gradual increase in strain up to 46960 fatigue cycles due to
the reduction in stiffness, which is associated with damage formation. Between 46960 to 51057
cycles, the strain shows a peculiar trend that might be related to a major failure such as
delamination between the surface plies and layers underneath. Due to the failure of upper layers,
the load is not fully transferred onto the middle and bottom layers hence a notable decrease in
strain for a certain number of cycles is observed. As the damage starts to accumulate in the middle
and bottom layers, the strain value increases gradually once again from 51057 cycles onwards.
The global failure of laminate is inevitable after an excessive buildup of damages in the entire

laminate, thereby leading to a sharp vertical rise in the strain value at the last cycle.
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Figure 21. The variation of strain difference between peak and trough values as a function of the
fatigue cycle for S1 and S2 specimens.

Surface mounted and embedded PVDF sensors of S1 specimen are compared in terms of their

cycle by cycle voltage output, moreover, their capability and performances are correlated with the
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strain fields obtained from the extensometer as given in figure 22. It is obvious that the surface
mounted PVDF sensor provides smoother and well-tended strain data while the embedded sensor
has a quite noisy voltage output. As the embedded sensor is close to the loading head/indenter, it
IS subjected to higher deformation and in turn experiences degradation in its performance and
accuracy. On the other hand, the surface adhered PVDF sensor of the S1 specimen shows a well-
behaving response against the fatigue loading because it is far from the loading head. Thus, the
deflection of the specimen caused by the loading prompts the deflection in the sensor, which
generates the voltage in a response to the change in dimensions due to its piezoelectric nature. In
summary, the surface attached piezoelectric sensor has a better capability for damage detection in

comparison to the embedded sensor in composite materials.

=0.01751 1. Extensometer _,__._..___J

'§ 0.015 1 = Max Strain
+0.0125 1 =Min strain
0.01 1
0.0075 1 -
0.005 T T T T T
0 10000 20000 30000 40000
2. Surface Sensor
— 1 J
S 100 =
£ 50+ - Max Voltage
;; o+ = Min Voltage
o
S 50t l
S 100t | : i : ; —
0 10000 20000 30000 40000
S 3. Embedded Sensor
£ 2504 L “" MW\MM l
;,’ 04 - Max Voltage
5200 | gty W e
-~
O -5001
>

0 10000 20000 30000 40000
No. of cycles

Figure 22. Measured voltage and strain against the number of cycles for S1.

Figure 23a shows the variation of strain measured by the extensometer with time for the duration
of one second while Figure 23b indicates the Fast Fourier Transformation (FFT) of strain data
performed through NI-DIAdem. The FFT spectrum of the strain versus time data clearly shows
the accuracy and reliability of strain measurements through extensometer since there is no spectral
leakage, i.e. multiple peaks at frequencies other than 3Hz, which is the fatigue load frequency. Fig.

23c indicates that the difference between the peak and trough values of strain continues to increase
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up to 46960th cycle. No abnormalities are observed in this range which assures consistent loading
frequency on the sample. The region corresponding to the range of 46960 to 51057 cycles reveal
a reduction in maximum strain and an increase in minimum strain, thus confirming a temporary
increase in the pseudo stiffness of the sample. As mentioned earlier, the short increase of pseudo
stiffness is attributed to damage formation in the surface plies, hence, in turn, causing middle layers
to bear the external load. Further increase in the difference of peak and trough strain values
corresponds to the gradual accumulation of damages at middle layers and eventually global failure

of the material.
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Figure 23. Fatigue evaluation of sample S2: (a) Strain vs time. (b) FFT spectrum of strain vs No.

of cycles. (c) Strain vs No. of cycles.

Figure 24a presents the variation of voltage and strain measured by PVDF sensor and video
extensometer on S2 specimen for a sampling interval of one second. It is clearly seen that the
variation of the voltage in the time domain is identical to the strain variation presented in Figure
24a without any phase difference. The FFT of voltage data given in Figure 24b has a main peak at
the frequency of 3Hz, which corresponds to the frequency of the fatigue test, thus confirming the
reliability and consistency of data obtained through the PVDF sensor under fatigue loading. It is

known that nearly all signals contain energy at both fundamental and harmonic frequencies. If all
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the energy in a signal is not contained at the fundamental frequency, then that signal is not a perfect
sine wave, as can be seen from Figure 10a One can see that there is a harmonic peak at 6Hz which
is attributed to the backlash of PVDF sensor associated with the reorientation of piezoelectric
structure in the sensor during the unloading period since PVDF film tries to maintain its original
crystalline phase upon the release of mechanical loading. Since the waveform in Figure 24a
resembles sine wave to a larger extent, the amount of energy at harmonic frequency should be
rather negligible, leading to small amplitude of harmonic at 6Hz in the frequency domain as
compared to the main peak at 3Hz. This affirms that PVDF film-based piezoelectric sensor has the
potential to be utilized for strain measurement in structures under dynamic loading. To analyze the
electrical response of piezoelectric sensors during each cycle, one can consider the voltage
variation during each mechanical cycle. When preload, i.e. 500N, is applied to the sample, the
initial value of approximately 21mV is produced in the piezoelectric sensor. Upon the initiation of
the test, the load level starts alternating between 500N and 1500N with 3Hz frequency. The amount
of voltage and strain obtained respectively from piezoelectric sensor and extensometer denotes a
gradual stabilization for the first 200cycles. This instability of values in obtained signals is related
to the disability of the UTM machine to synchronize with the target frequency of 3Hz. Thus, the
proper values of voltage for maximum and minimum load levels during each cycle are not achieved
immediately after the start of the fatigue test. As seen in Figure 24c, peak to trough value of voltage
after the stabilization of system is 214mV in which the negative and positive signs of the voltage
corresponds respectively to tension and bending of the specimen as a result of cyclic loading [109].
As the test proceeds, the absolute difference between peak and trough values of voltage reaches
up to 223mV at 46960 cycles which indicates a considerable decrease in stiffness of composite
material due to gradual damage accumulation. The sudden drop and increase in maximum voltage
match vice versa behavior in minimum voltage of the PVDF sensor between 46960 and 51057
cycles. As stated previously, the drop in the maximum strain or equivalently in voltage, referred
to an increase in pseudo stiffness, due to failure of surface layers and in turn load bearing by the
less damaged middle plies. Consequently, the damage accumulation in middle layers promotes
another stage of stiffness decrease until the global failure of laminate. This stage is clearly observed
with a consistent increase in the voltage difference between the peak and trough values of voltage
up to 226mv. Hence, it is seen that voltage variations obtained through piezoelectric sensors agree

with strain alteration obtained with video extensometer shown in Figure 23c. The other noteworthy
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fact is that the PVDF sensor has a stable response and there is no disruption in the performance of
the sensor even after more than 60,000 fatigue cycles. This fact is due to the high flexibility of

PVDF sensors which give precise response even at very high cycle fatigue tests [19].
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Figure 24. Piezoelectric response of PVDF sensor: (a) Voltage vs time. (b) FFT of voltage vs

No. of cycles. (c) Voltage vs Cycles.
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Figure 25a shows the relation between voltage and strain values obtained throughout the fatigue
test of sample S2. It is seen that there exists a linear relationship between these two data sets,
confirming the ability of PVDF piezoelectric sensor to measure the strain of composite materials
during cyclic loading. The inset plot in figure 25b clearly indicates that the slope of the line (i.e.
correlation factor) is almost constant with an average value of 8525.55 mV/strain. This factor is

used to convert the voltage of in-house PVDF sensor into the strain.

3.3.6. Fatigue Life Prediction using PVDF Sensor
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Figure 26. The variation of maximum strain recorded by extensometer and PVVDF sensor as a

function of the fatigue cycle.

The fatigue life of composites follows a trend with three distinctive regions, which has also been
reported by various researchers through other analysis techniques[35, 36]. The first region (Region
) is associated with the matrix dominated damage initiation. At this region corresponding to lower
fatigue cycles given in Figure 26. there is a relatively sharp and nonlinear increase in the strain
due to damage initiation in the form of matrix cracking and matrix-fiber interface failure, which
can be named as intralaminar cracks. In composite materials, about 50% of damage occurs in the
first 20-25% of the fatigue life, which implies that a structure can survive with the presence of
matrix dominated damage [111]. The major crack occurs as the strain in the specimen goes beyond

the failure strain of the matrix. Intralaminar damages are particularly prominent in the specimen
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where the orientation of fibers is not along the loading axis as in the case of this study. The second
region (Region Il) is characterized by a gradual and linear increase in the strain. This can be
attributed to stress concentration at the tip of intralaminar cracks thereby promoting their
propagation across the adjacent plies of the laminate, and hence leading to interlaminar damage
such as delamination. Jollivet et al.[112] stated that the presence of laminae with various fiber
directions can cause delamination. Similarly, in the case of woven fabric laminated composites, a
small deviation in the direction of weft or warp fibers can cause stiffness change at various points
of the same ply, which induces intralaminar failure and thus promote delamination. The final
region (Region I11) shows a drastic variation in the strain resembling a “valley” before the failure
of the specimen. As can be seen from the figure 26 that in Region I11, the strain initially drops and
then increases. The drop in the strain can be reasoned out with the failure of surface layers which
transfers the loads towards the plies underneath accompanied by interlaminar delamination. The
strain starts increasing as the applied load is carried by the relatively more intact layers in the
middle plies. The further increase in the strain takes place dominantly due to the accumulation of

damages. The damage mechanism occurring in this region is also known as a translaminar failure.

The strain calculated by dividing the output voltage of the PVDF sensor by correlation factor
shows a similar trend to the one recorded by the video extensometer. All three stages of the fatigue
life are well captured by the PVDF sensor. It is important to note that the so-called “valley” region
is better resolved by the PVDF sensor. The detachment of strain sensors such as surface mounted
strain gages is a big concern during fatigue testing especially when the specimen is subjected to
multitude cycles. Due to its flexible nature, the PVDF sensor does not experience any detachment
from the surface of the specimen throughout the test, lending itself to effective monitoring of strain
field of composite materials under the fatigue loading. Overall, there is about 5 % difference
between the maximum value of strain recorded by extensometer and the PVDF sensor, which can

be related to the backlash typically observed in the polymer-based piezoelectric sensor.

3.3.7. SEM analysis of fatigue fractured specimen
Due to lower fatigue life of the S1 sample with embedded PVDF sensor, SEM images are taken

from two viewpoints of the sample after failure. Figure 27a gives the micrograph taken from the
side view of the fracture surface (parallel to the fracture plane) far from the position of the sensor
where a large interlaminar crack in between the second and third plies of the S1 sample is visible.

This crack is initiated due to the presence of embedded sensor and has propagated all through the
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span length of the sample. Eventually, the development of this crack has facilitated the growth of
macro damage through the thickness of the sample and early failure of the laminate compared to
S2 laminate. Thus, it can be concluded that the embedded sensor has functioned as a defect inside
the material, which can aid the creation of interlaminar cracks under cyclic loads. The image in
figure 27b taken directly from the fracture surface near the embedded sensor indicates the presence
of the same interlaminar crack through the thickness of the laminate. It is worth noting that the
size of this interlaminar delamination is bigger than other damage types such as the fiber rupture
and delamination just adjacent to it. According to a study by Isherbini et al.[113] the presence of
gaps (i.e. cracks) inside the fiber reinforced laminates can result in high interlaminar stress at tips
of the crack and growth of gap. The embedded sensor acted as a defect similar to a gap inside the
laminate whereby an interlaminar crack due to the presence of high out of plane stresses is
developed.
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Figure 27. (a-d) Micrographs of fatigue failure for S1 and S2 where subfigures a is taken parallel to
fracture surface along the width direction while the rest of the images are taken from the fracture surface.
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Figure 27c presents the micrograph taken from the fracture surface of the S2 specimen with a
surface mounted PVDF sensor at the compression side. It is obvious that for the surface ply in
which compressive stresses are dominant, a considerable amount of fibers is crushed, hence
yielding an apparent rough surface. Unlike the tension side of the specimen, the top surface shows
no sign of vivid fiber pulls out nor delamination, but there is a buckling failure indicated by an
arrow which has occurred due to compression at top surface ply. The bottom surface, on the other
hand, depicts a considerable number of fibers pull out at weft (specimen length direction) and
intralaminar damages at warp direction (specimen width direction). These failures in the bottom
plies appear in an alternating pattern through the thickness. Intralaminar cracks have grown most
probably in a transverse direction from the side surface of the sample; this assumption is validated
by the presence of splitting at a transverse direction which has been shown in a dashed circle.
Moreover, the path for crack growth under cyclic loading is stepwise and cracks have grown
between weft and warp bundles through interface failure at tow regions. To better illustrate this
statement, figure 27d shows SEM image of tow region, in which there is a microcrack at the
vicinity of the pulled-out region indicated by an arrow. This interface microcrack indicates how
the main transverse crack as delamination has propagated as a longitudinal crack at wefts direction
and created the stepped fracture surface during cyclic loading. Overall, it is obvious that the
delamination at warp direction is created from edges of the sample and developed inside the woven
fabric laminate. The same growing cracks advance into weft bundles through interface failure
which causes fiber debonding afterward. These debonding regions have then resulted in fiber

breakage and pull out at the final stages of fatigue life of the sample.
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CHAPTER 4
4. Static failure of composite materials

4.1. Summary
This study presents a broad analysis of the failure mechanisms in woven fabric laminates with the

help of acoustic emission, DIC, and SEM. It is shown that the fracture surface of woven fabric
composite laminates is directly correlated to full field strain maps of the sample at failure regions
obtained through 3D-DIC. The presence of a periodic inclined region on the surface before an
abrupt failure results in shear driven failure through the thickness having a smooth surface and no
interlaminar delamination. On the other hand, the presence of a heterogeneous strain map with a
horizontal pattern is related to the high energy required for breakage of the laminate, possessing a
rough surface structure with signs of interlaminar delamination. The results of this study show that
assessment of macro-strain fields at failure regions of the composite match with micro-damage
obtained through SEM images, and both methods can be used as complements of one another for

failure analysis of woven fabric laminates.

4.2.  Experimental

4.2.1. Materials
Plain weave (KCF3KPL200) Toray T300 3K carbon fibers with an areal weight of 200gsm was

purchased from Kordsa Company. BIRESIN Sika CR80 resin along with BIRESIN Sika CH80-6
hardener was utilized as a matrix. The density and viscosity values of CR80 resin were (1.13g/ml,
0.95 g/ml at 25°C), respectively and same for CH80-6 hardener (900m.Pa.s, <10m.Pa.s),

respectively.

4.2.2. Manufacturing of composite laminate
A carbon fiber reinforced polymer composite plate with a thickness of 2mm was manufactured by

using 8 layers of plain weave carbon fibers which were cut into dimensions of 30cm x 30cm with
the help of a ply cutter (ZUND G3-L3200). Biresin Sika CR 80 resin and CH80-6 hardener were
mixed at the ratio of 100:30 wt/wt and degassed for 30 minutes. The fibers were stacked on a
vacuum infusion table and impregnated with epoxy resin in a sealed vacuum bag and left at room

temperature for 48h.

4.2.3. Mechanical testing
In order to determine tensile properties, five CFRP composite samples were prepared and tested

according to ASTM D3039 using an Instron 8802 servo hydraulic testing system which is equipped

with a 250kN load cell. Samples were cut into the dimensions of 25x250x2mm and bonded with
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25x50x2mm CFRP composite tabs. Tensile load with the displacement of 2mm/min was applied
continuously until the failure of samples. Similarly, a three-point bend test was conducted
according to ASTM D790 with the help of Instron Universal Testing Machine (UTM) 5982. The
fiber volume fraction and percentage void content were determined with the help of the matrix
burnoff test, which was performed according to ASTM D3171. Global strain field at specimen’s
surface was recorded by Digital Image Correlation (DIC) using GOM (Braunschweig Germany)
12M sensor system. The blotchy pattern on the gauge length of the specimen was created by black
and white paint spray. The sensor was calibrated by 250x200mm calibration plate as per the
manufacturer’s instructions, the results of calibration revealed 0.002mm scale deviation and
0.033pixels calibration deviation, which were both under the limit values suggested by the
manufacturer. Before the initiation of the tests, surface pattern quality was inspected by ARAMIS
software. The analysis was carried out with the help of GOM inspect professional software.

Acoustic emission sensors were placed on the lower surface of the three-point bending test
specimen and elastic waves produced due to the development of micro damages were sensed
through Acoustic Emission (AE) setup Mistras PCI-2AE, having wideband piezoelectric sensors
(PICO-200-750KHz, Mistras). A preamplifier Mistras0/2/4 with the gain of 20dB was used to
amplify the output signal. Data acquisition parameters for acoustic emission hardware are set to
the 45db threshold, 50us peak definition time, 100us hit definition time and 200us hit lockout time.
The sampling rate of acoustic data for each sensor is set to 2MHz and a Bessel band-pass filter is
used to remove noise from recorded data. Main features of acoustic data such as amplitude, counts,
rise time are extracted from time domain waveforms, moreover, frequency domain characteristics
of each acoustic hit are obtained after the Fast Fourier Transformation (FFT) analysis. The fracture
surfaces of composites were examined through GEMINI SUPRA 35vp scanning electron
microscope. Fractured samples were sputtered through Platinum-based sputter and images were

taken at the acceleration voltage of 4kV.

4.3. Results and Discussions

4.3.1. Destructive test results
Static tests were performed to determine the stress and strain response of the composite materials.

Associated mechanical properties were obtained according to ASTM D3039 and ASTM D790 for
tensile and flexural tests, respectively, as seen in Table 5. The mean ultimate stress for the tensile

test was 670.2MPa, while the mean failure strain value was 1.889%. Similarly, the mean flexural
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strength value obtained from the three-point bending test was 711MPa while strain was 1.59%.
The fiber volume fraction determined according to ASTM D-3171 was 57.63%, while void content

resulted in 4.7%.

Table 5. Tensile and Three-point results.

Tensile Test \ Three-point bend test
Name of property Mean Value | Name of property Mean Value
Ultimate Tensile Stress (UTS) | 670.2 MPa | Flexural strength 711 MPa
Strain 1.889% Strain 1.5982%
Modulus 41.339 GPa | Modulus 50466.67 MPa
Standard deviation 32.87 Standard deviation 12.58

4.3.2. Scanning Electron Micrographs of fractured carbon fiber
SEM analysis of tensile fractured specimens provided valuable information about failure modes

such as delamination, shear imprints, and fiber breakage. Figure 28(a) shows a cross-section of
weft fibers in the axial direction. The surface of failure was smooth which indicated brittle fracture
progress due to sudden propagation of a crack normal to the loading direction. The presence of
fiber pullouts in the same region implies that the high energy required for this damage type had

hindered the fast crack growth.

=" +7 10pum
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Figure 28. SEM micrographs of carbon fibers from failure regions of composites. (a) & (b)

rupture dominant region; (¢) & (d) shear dominant region.
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On the other hand, figure 28b illustrates the cohesive interfacial failure between warp fibers and
the matrix, wherein the fibers were in a lateral direction with respect to the loading axis. A very
small amount of matrix debris observed on debonded fibers indicates slow debonding as the cracks
grew. Despite the neat surfaces of these warp fibers, their cross-section was rough compared to
those in Figure a which signifies breakage of these fibers as a response to a bending moment. The
effect of this bending force shown by a yellow arrow in the figure 28b as it broke a fiber just at the
point where debonding has stopped. Overall, it is evident that the matrix had been completely
debonded due to crack growth and did not support the fibers in the warp direction, which is why

there was very little matrix debris visible on the surface of the fibers.

Figure 28c shows the cross-section of the same failed sample at a different region. The presence
of the matrix on the surface of the failed fibers suggested that the failure was adhesive, which
means that the fibers had strong interfacial bonding with the matrix and more energy was required
for crack growth in this region. The presence of plastic deformation patterns at the matrix surface
(red arrow) shows energy absorption by the matrix during the crack propagation procedure. The
surface of fibers in figure 28c is rough but they are inclined with respect to their fiber axis. This
type of fiber failure indicates shear fracture mode for the fibers. Overall, the shear stresses had

been the dominant failure development promoters both in matrix and fibers.

Figure 28d represents the failure area of weft fibers broken in the direction of loading in the shear
dominant regions. It depicts the fiber pullout and angled surface of fractured fibers, which suggests
the presence of shear stresses. The presence of a rough surface at the matrix is evidence that high
energy was absorbed during the failure development by the epoxy resin matrix.

To classify the mechanism of failure in the shear dominant and rupture dominant regions, it can
be stated that for adhesive failure, the matrix showed a rough texture with residues of the matrix
on the fibers. Moreover, the fibers had a rough and inclined cross section due to the presence of
shear stresses. On the other hand, rupture dominant failures produced a neat fiber surface in the
weft direction and rough cross-section in the warp direction. From these observations, one can be
seen that various stress types correspond to different failure modes in fibers and the amount of the
energy required for failure development in a specific region can be obtained through the marks left

on matrix material after fracture of the composite sample.
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4.3.3. Full-field strain measurements as an indicator of failure mechanisms
Figure 29a shows an image of the broken tensile sample, which demonstrated transverse failure at

two regions far apart, indicated as regions R1 and R2. Although these failure regions might seem
to have a similar macroscopic appearance, their DIC images taken just before the abrupt failure
stage revealed differences between their strain fields, therefore indicating distinct mechanisms
involved in the fracture of each region. Figure 29b depicts the vertical strain (,,) map for the
fractured sample, in which the longitudinal strains varied from 1.08% to 1.231%. The
heterogeneous distribution of strain throughout the gauge length was due to the variation of the
elastic modulus of fibers and the matrix, hence producing low strain at tow regions and high strain
at adjacent resin packet regions. The important thing to notice is that the lower half of specimen,
i.e. failure region R2, shows periodically inclined (dashed line) deformation, and this strip shaped
deformation pattern, continues up to the middle region of the gauge length. The middle region
does not show any regular pattern while the top area of the sample shows some transverse stripes
just normal to the loading direction, that is, the failure region R1. These arrangements of
deformation at various locations of the specimen clearly show the dominance of different stress
fields; therefore, shear driven, and longitudinally normal stresses will control the fracture of the
sample at R2 and R1, respectively. To illustrate the overriding effect of shear stresses at failure
region R2. Figure 29c¢ shows the full field shear strain map of the laminate. It can be seen that the
striped pattern of shear strain has a gradient between -0.0006 and -0.003, indicating a change of
almost five times in shear deformation values. However, the shear strain field for the upper region,
i.e. R1, has a gradient between -0.0055 and -0.003, which is about 1.5 times. Thus, the full field
measurement of shear strains signifies the presence of considerable shear stress at the lower part

of the sample.

To determine the results of such different strain fields on fracture appearance in micro scale, SEM
images from cross sections of each region are presented in figure 29d & e. These images are taken
from the right edge, center and the left edge of the fracture cross section and are represented as
top, center and bottom figures respectively. As seen in figure 29d, the fracture surface shows a
very rough surface with delamination marks and fiber pullouts through the cross-section. Both
failure types require friction; in other words, a rough surface indicates the high energy required for
failure development, which is more probable under a pure tensile stress condition, therefore

demonstrating consistency with the longitudinal strain field in the upper half of the specimen seen
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in the DIC images. On the other hand, figure 29e shows a smoother surface, which is a
characteristic of low energy fracture with very few signs of interlaminar failures and fiber pullouts.
This surface shows various regions with cusp and fiber imprints, indicating the shear dominant
development of damage. These surface images of fracture are also in agreement with the DIC
images obtained from the surface of the material in that region, i.e. vivid shear strain fields and

small vertical strain gradients.

Camera

-0.0015
-0.0020
-0.0025
-0.0030
-0.0035
-0.0040
-0.0045

-0.0050
-0.0055

@

54



SEM (RegionR1)

SIULAC
_ Sjuudul 13q14
i

O
0
o)
3,
=
o
P

se;]punq"!éﬁ:

7
T

Shear failure marks

uoj

Al
~
HOL BUTHI R (]

jnoj|nd 13qi4

Nea / »

e - 3 ;5‘? o4
43

sa[pung 1qLJ

' syunidun pqry
1 ;

Figure 29. Failure of composites (a) broken sample; (b) & (c) strain map of &,,, &5,; (d) & (€)

SEM images of fractured surfaces of the composite.

4.3.4. Acoustic emission analysis
Weighted Peak Frequency and Partial Power 1 features of acoustic hits are used to cluster acoustic

emission data. These features have demonstrated excellent clustering results in the previous
investigation for composite materials [35]. Weighted Peak frequency is a function of frequency

centroid and peak frequency of the frequency domain which is a representation of acoustic hits.
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Frequency centroid (feentroia) 1S defined as an analogous to the center of mass in the frequency
spectrum, while peak frequency (fpeqx) is the frequency value with the highest magnitude in the
same range. As seen in Eq. (5), Frequency centroid is calculated through a weighted mean formula
as shown in Eq. (6), in which the magnitude M (s) of each frequency (s) is used as weight. The
partial a power concept is defined by the user for certain frequency ranges to find the percentage
of the power spectrum located in that frequency range; therefore, partial powers are reported as
percentages. Table 6 represents the range of partial powers defined for the clustering of acoustic

hits in this investigation:

feentroia = Zgz(l)OOOf(s)M(s)/Zgi(l)ooo M(s) Equation 5

Weighted Peak frequency (WPF) = \/fCentmid X fpeak Equation 6

Table 6. Frequency ranges

Partial Power 1 0 — 250 KHz

Partial Power 2 250 — 500kHz
Partial Power 3 500 — 750kHz
Partial Power 4 750 — 1000kHz

To determine the optimal number of clusters for implementation of the clustering algorithm, the
GAP evaluation function is used as a global procedure, which is remarkable for the elongated
distribution of a data point, as seen in figure 30b. This function finds an error value (wy, ) for the
various numbers of clusters obtained through the clustering algorithm, indicating the optimal
number of clusters as the point where GAP function is maximum. GAP value is defined as Eq. 7:

GAP,(k) = E;{log(wy)} — log(wy) Equation 7

Where n is the size of a sample taken from the data, k is the number of clusters that are being
evaluated, E;; {log(w, )} denotes expectation taken from a reference sample using the Monte Carlo

method, and wy, is composite variance inside the cluster sum of squares[38].
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4.3.5. Clustering Results
Figure 30a represents the obtained acoustic emission data for B1 laminate under flexural loading

before the implementation of the clustering algorithm. Based on this distribution of acoustic data
it is highly important to estimate the precise value for cluster numbers since there is no distinct
definition of the cluster for these data and process is unsupervised. Since the obtained acoustic
data is elongated, we use GAP value to find the optimal number of clusters. Figure 30b shows the
results of GAP evaluation for the B1 sample with the K-means algorithm. Since common failures
in composite laminates can be classified in 5 main types, namely matrix cracking, debonding,
delamination, fiber pull out and fiber breakage, the evaluation is depicted for 1 up to 5 cluster
numbers. However, it is seen that the maximum point of the GAP value, i.e. the optimal number
of clusters is 3, which provides the best separation between the clusters, and it is inferred that three
damage types are signified. These 3 types of failure can be extracted from the mentioned categories
of damage considering that debonding and delamination are both interface failures, and that fiber
pullout is not very frequent under three-point bending conditions. In other words, damage modes

can be reduced to matrix cracking, interface failure, and fiber breakage.
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Figure 30. (a) Acoustic emission results for flexural test; (b) Gap values obtained for each

cluster numbers.

After selection of the optimum number of clusters, the K-means function of MATLAB software
with Euclidean distance parameter is used to identify 3 clusters of acoustic emission data for each

laminate under flexural loading. The results of the K-means algorithm based on Weighted Peak
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frequency and Partial Power 1 are seen in figure 31 Three distinctive clusters are seen at three
different frequency ranges, 50-180 kHz, 180-400 kHz, and 400-670kHz. According to the previous
investigation by the authors, the lowest frequency range of acoustic emission activity corresponds
to damage inside low stiffness matrix material [34]. Moreover, the highest frequency events are
attributed to fiber breakage, and the middle range of acoustic emission data points is due to the
failure of the interface between fiber and matrix. Since the partial power 1 frequency range is 0-
250 kHz, it can be inferred from clustering results that more than 50% of the power in matrix
cracking and interface failure is located at low frequencies, while for fiber breakage the power is
mainly located at higher frequencies. Therefore, it can be concluded that higher stiffness of

materials would possess the main fraction of their power at higher frequency ranges.
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Figure 31. Clustering results for specimen under flexural loading.

4.3.6. Damage accumulation analysis based on AE activity
Figure 32(a&b) show the acoustic emission activity of B1 and B2 samples merged with the stress-

strain curve under flexural loading test. These two samples represent two categories of failed
specimens which were classified based on first damage which appeared during the flexural test.
The first damage to appear in the B1 sample was fiber breakage, while initial failure occurrence in
the B2 specimen was related to interface damage. Despite the incidence of damage at early stages
of flexural loading, no considerable effect was seen in the stiffness of materials, i.e. the slope of
the stress-strain curve. To better analyze the change in stiffness of each laminate, a line is fitted in

strains between 0.002 to 0.006 € for each laminate. As seen in figure 32a, despite the occurrence
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of several fiber breakages at the 0.009 ¢ strain level, no deviation is seen between the linear fitting
and experimental results. Only at a strain level of about 0.011 &, shown as region |, deviation starts
from linear behavior, which corresponds to the simultaneous failure of the matrix, failures at fibers,
and interface damages. These results suggest that sole failure at fiber, i.e. damage with the highest

weighted peak frequency, cannot influence the stiffness of woven fabric laminates significantly.

Figure 32b depicts that the behavior of the B2 specimen was different. The first failure to occur
for this laminate was interface failure at about 0.003 strain level, and yet no distinguishable effect
is seen in the stress-strain behavior of the sample. It is clearly seen that this sample shows a sudden
increase in acoustic emission activity at 0.09 strain indicated by region I, similar to the B1 laminate
represented in figure 32a. However, the difference is that the type of damage is interface failure,
which causes a vivid deviation from linear stress-strain behavior. Based on this observation, it can
be stated that interface failures with a weighted peak frequency range of 180-400 kHz have a
significant impact on the mechanical behavior of woven carbon fiber laminates compared to fiber
breakages. Therefore, reinforcer material in woven fabric laminates does not necessarily provide
flexural stiffness during bending tests figure 32b also shows a hump at about a strain level of 0.012,
indicated as region 11, which corresponds directly to the concurrent failure of the matrix, failure
of fibers, and interfaces damages. Similar to the previous specimen, the main change in material
behavior happens when all failure types are triggered together. This observation signifies that
major failures including all types of damage are the prominent causes for the loss of stiffness under

flexural loading.

Overall, it is seen that two types of failure can happen at the beginning of flexural loading for
woven carbon fabric laminates, namely fiber breakage and interface failure. These failures have
no meaningful impact on the structural health of materials, most probably due to their small size
and/or quantity. Both samples show a sudden increase in energy of damage at around 0.009 strain.
This upsurge of failure energy changes stress-strain behavior and corresponds to the initiation of
major failures inside the laminate. It should be noted that if a sudden increase in energy is related
to interface failure, then it alters the modulus of the material, but still, it is not critical. The crucial
change in the stiffness of laminates happens only if all damage types occur concurrently and they

cause deviation from linear behavior in the stress-strain curve.
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Figure 32. Flexural strength and energy versus strain and time for a) B1 b) B2

4.3.7. SEM Analysis of failed specimens under flexural loading
Figure 33a shows a cross-section of the failure region for specimen B1. The appearance of the

fracture surface changes vividly from a uniform and squashed configuration at the compressive
side to a more rough and jagged layout at the tension side of the sample. The vertical dashed line
at the middle of figure 33a distinguishes between these two regions and can be considered as the
midplane for the neutral axis under flexural loading. As seen in figure 33b, at tensile half of the
sample, broken fibers of the weft direction show signs of uneven fiber pull out, whereas, for weft
fibers at the compressive side, buckled fibers and an even surface are observed, as seen in figure
33c All these fiber failures types, i.e. broken, pulled out and/or crushed, correspond to the AE
signals with weighted peak frequencies between 400-670kHz. The fibers in the warp direction of
the sample, as seen in figure 33b, show severe intralaminar delamination and interface failures
(fiber imprints), which are attributed to AE hits with a weighted peak frequency range between
180-400 kHz. It is seen that all three types of failure associated with AE data can be found in SEM
images of broken flexural tested samples, therefore confirming the reliability of the clustering

result for AE signals.
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Figure 33. SEM images of fractured surfaces of the composite under three-point bend loading
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CHAPTER 5

5. Conclusion
Electrospun nanofibers have a dominant active phase (B-phase) as compared to raw PVDF granule

which has a higher content of non-active phase (a-phase). The FTIR results also confirm that
electrospun nanofibers have a 46% higher 3-phase content contrast to granule. Contrary to PVDF
granule the PVDF nanofibers have 25% higher crystallinity without any notable effect on melting
temperature. In XRD analysis, PVDF nanofibers have a significant peak of B-phase while PVDF
granule spectrum has a prominent a-phase peak and a low-intensity 3-phase peak. SEM images of
PVDF nanofibers also assure the quality of produced fibers. Fibers having a diameter in the range
of 30 to 90nm, produced through the electrospinning process, do not show any significant sign of

porosity and beads formation.

Embedding sensor inside the structure can be problematic for its fatigue life as it promotes
delamination while the surface attached sensor has better fatigue performance. PVDF sensor has
the capability to detect the variation in the specimen as a response of the applied load. Although
PVDF sensors have some drawbacks due to backlash and resistance of electrode materials, which
reduces their output voltage, they are still a good thin and flexible replacement for conventional
strain gauges thin. PVDF films have the capability to be utilized as a sensor to monitor the loading
history and damage progression in structures without any external power excitation which is
confirmed by its usage in fatigue testing. However, these sensors need to be calibrated to determine

the correlation between the strain or load and output voltage.

Overall for continuous monitoring of aircraft and giant composite structures where numerous
sensors are required for testing, these flexible PVDF sensors are the reliable and durable option
which can provide an adequate solution for dynamic strain monitoring and structural health

monitoring.

A more detailed analysis of fracture surfaces for tensile samples reveals that despite the smooth
appearance of surface failure in shear dominant regions, the matrix has a rough texture, and debris
of the matrix can also be observed on the surface of fibers. Furthermore, fibers broken due to the
shear have an inclined cross-section and harsh texture. In the case of the region with normal stress
fields, detailed analysis of the fracture area shows smooth fiber surface with little matrix debris

and a rough cross-section along with plane matrix.
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For the first time, the GAP evaluation function is successfully used to find the optimal number of
clusters before applying the K-means algorithm on acoustic emission data of the three-point
bending test. This evaluation reveals 3 clusters as the optimal number to classify damage types
under flexural loading. The three distinct failure types for woven carbon fabric laminates under
bending test condition are matrix cracking, interface failure, and fiber breakage, which possesses
weighted peak frequency range of 50-180 kHz, 180-400 kHz, and 400-670kHz respectively.
Acoustic emission analysis which is used to determine damage accumulation under flexural
loading shows that major change in stiffness of woven laminates is attributed to simultaneous
occurrence matrix, fiber, and interface failures. No significant change in material integrity occurs
if a single type of failure happens at the early stages of the bending test. SEM analysis of failed
regions for flexural samples reveals that all failure types classified through acoustic emission are
present in microscopic analysis and microscopic inspection can be used to certify the results of

acoustic emission pattern recognition procedure.
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